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I. INTRODUCTION 
It has been only in recent years that hafnium-free zirconium has 
been made available for commercial use. When economical methods were 
developed in 1950 to remove hafnium from zirconium, a metal was 
produced which not only exhibited good corrosion resistance and desir-
able physical properties, but which also had a very low absorption 
cross section for thermal neutrons. These factors have led to its 
most important application to date, that of a structural material for 
nuclear reactors. 
The outstanding non-nuclear property of zirconium is its corrosion 
resistance to most mineral acids. Hafnium-free zirconium exhibits 
outstanding resistance to all mineral acids with the exceptions of 
hydrofluoric acid, concentrated sulfuric and phosphoric acids, and 
aqua regia. The resistance of zirconium to the attack of these 
reagents is dependent upon the amounts of impurities present. Small a-
mounts of such impurities as oxygen, nitrogen, and carbon will decrease 
the corrosion resistance of zirconium. In general, hafnium-free 
zirconium {containing less than 0.1% hafnium) is more corrosion resist-
ant than zirconium containing the usual two and one half per cent of 
h f 1 {10) a n1um • 
The rate of dissolution of zirconium in hydrofluoric acid is 
greater than in any other mineral acid. Yet, very little published 
material is available concerning the chemistry of the zirconium-
hydrofluoric acid reaction. The reaction of zirconium with 
concentrated nitric-dilute hydrofluoric acid mixtures ha·s been in-
vestigated(l4) in connection with aqueous processing of . zirconium-
-2-
. t f l Th h b l l' 't d . t' t' (l 2,l8) uran1um reac or ue s. ere ave een on y 1rn1 e 1nves 1ga 1ons 
of the quantitative aspects of the zirconium-hydrofluoric acid system. 
It is the purpose of this investigation to provide additional 
information concerning the reaction of hafnium-free zirconium with 
hydrofluoric acid. The investigation will deal specifically with the 
rate of the chemical reaction, with factors which influence the rate 
of reaction, and if possible, an explanation of the rate in terms of 
reaction mechanism. 
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II. LITERATURE REVIEW 
Many reports have been published on the resistance of zirconium 
and its alloys to chemical attack. In more recent years investigations 
have been almost entirely confined to corrosion in water and steam at 
elevated tanperatures. This is because of the use of zirconium in 
nuclear reactors operating with water as a coolant. There are available, 
however, recent reports on the corrosion resistance of zirconium in 
other media. The most detailed work on the corrosion of zirconium 
is by L. B. Golden( 5). He refers to most of the earlier work on the 
corrosion resistance of zirconium and describes his own investigations 
with induction graphite melted zirconium and arc melted metal. 
Published material pertaining specifically to the corrosion of 
zirconium in hydrofluoric acid is very limited. Most of this material 
deals with only the qualitative aspects of the dissolution of zircon-
ium in hydrofluoric acid. The first quantitative study of this 
dissolution was published by Baumrucker(l} as recently as 1950. Since 
then, there have been only three significant investigations involving 
quantitative studies of the zirconium-hydrofluoric acid reaction. 
These are: Smith and Hill(l4 } (1954), Neiman(l2) (1957), and Vander 
Wall and Whitner(lS) (1958). 
Baumrucker(l) attempted t o develop a method for dissolving zir-
conium in hydrofluoric acid at a controlled and reproducible rate. 
Both pure crystal bar and magnesium-reduced zirconium were dissolved 
in five per cent by volume hydrofluoric acid. Tests were made at 
various temperatures and with- various solution volumes. The weight 
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loss and decrease in thickness of the zirconium samples were plotted 
versus time. 
These studies showed that the reaction rate decreased with in-
creasing time. This decrease of rate with time was also noticed when 
fresh acid was constantly added and the solution agitated. A black 
amorphous film formed on the surface of the zirconium during these 
tests. It was suggested that the film may have been the cause for 
the decrease in rate. 
It was found that the higher the temperature the greater the 
rate of dissolution. Also, a general slope for a particular reaction 
temperature and acid concentration could be predicted. In addition 
it was concluded that differences in metal structure could affect the 
reaction rate. 
Smith and Hill(l4 ) investigated the kinetics of dissolution of 
hafnium-free zirconium in dilute nitric-dilute hydrofluoric acid 
solutions. 
95 Radioactive Zr was employed and a scintillometer used to 
measure the build up of zirconium ions in solution. The counting 
system consisted of a Nai-Tli crystal as the gamma detector, a count 
rate meter, and a recording potentiometer which plotted the instant-
aneous activity for a pennanent record. Zirconium coupons were cut 
from sheet zirconium and were approximately five-eights inch wide, an 
inch and a half long, and one-eighth inch thick. The coupons were 
irradiated and allowed t o decay f or at least one week to eliminate 
the zr97 (seventeen hour half-life). The coupons were suspended in 
-5-
the acid solution . The solution was circulated externally through a 
polyethelene coil for temperature control. 
A straight line was obtained when the hydrofluoric acid concen-
tration was plotted versus rate. The range of the acid concentration 
was from 0.005 M- 0.5 M with respect to hydrofluoric acid. The con-
centration of the nitric acid apparently had little if any effect on 
the rate. A plot of the logarithm of rate versus the logarithm of 
the hydrofluoric acid concentration gave a straight line with a 
slope of one. It was concluded that the rate was not only dependent 
on the hydrofluoric acid concentration (or its counter part [CH+) X 
{F-)]), but was directly proportional to it. 
Four possible reaction mechanisms were presented to explain the 
~ 
slow step in the Zr-HF reaction. 
d(HF) K d (HF) 
R K --- K I (HF) (l) dx dx 
R K [ (H+) X (F-) J (2} 
R K 8 HF where 8 HF >> l (3) 
R = Ke (HF) where 8 l ( 4) X X 
Each mechanism was discussed in tenns of agreement with other experi-
mentally determined data and its respective likelihood as a possibility. 
Mechanism l. This is the common diffusion rate where dx is 
the distance HF must travel t o the surface. The activation energy 
(previously detennined) of four kilocalories per mole is higher 
than that normally observed (l to 3 Kcal mole- 1 ) for usual diffusion 
processes. 
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Mechanism 2. This is a very unlikely possibility as it 
would involve a three body collision which is rare. Also the 
ions would have to shed their hydration sheaths before reacting. 
Mechanism 3. This seems a likely possibility. 8HF is the 
fraction of surface sites covered by HF free acid. It was also 
pointed out that if this is the correct mechanism, a Langmiur 
type I isotherm should result. A plot of ln rate versus ln 
HF concentration should decrease at higher concentrations. 
Mechanism 4. This mechanism is also a good possibility. 
Here 8x is some substance absorbed on the surface with which HF 
can react (could be 02). 
Tests were also made to determine the effect of temperature on 
the rate of the reaction. The rates were calculated for the dis-
solution of zirconium in the acid solution 0.0044 M HF - 0.1 M HN03 
at temperatures of 28° C, 40° C, 63° C, and 72° C. From an Arrhenius 
plot the activation energy was calculated to be approximately four 
kilocalories per mole. 
Some work was done on the effect of additions on the rate. 
- - + It was found that small additions of N03 , Cl , K , ClO~, F-, and HF; 
ions caused little change in the rate. Tests made in the presence of 
oxygen showed that the rate was independent of oxygen concentration. 
Neiman(l 2 ) studied the dissolution of hafnium-free zirconium in 
pure hydrofluoric acid and the effect of fluoride additions. 
The investigation was begun by studying the dissolution reaction. 
It was found that regardless of the mechanism involved the reaction: 
Zr + 4HF---+ Zr F 4 + 2H2 
( 5) 
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as described in the literature was stoichiometrically correct. The 
rate of dissolution of zirconium in hydrofluoric acid was therefore 
measured by using the principle of hydrogen collection. The equip-
ment was so designed that acid concentration could be varied while 
all other variables were held constant. A linear relationship was 
observed between rate of dissolution and HF concentration from 0-0.25 N. 
At 0.5 N HF, the rate showed a slight positive deviation from the 
linear plot. Limitations of the equipment prevented tests in HF 
concentrations above 0.5 N. 
Investigation showed that small fluoride additions caused an 
increase in the rate of dissolution. However, if higher concentrations 
of fluorides were used, the zirconium was passivated after 60 - 110 
minutes. NaF, KF, and NH4F (in that order of effectiveness) caused 
passivation of zirconium in 0.1 N hydrofluoric acid. 
In the tests where passivation occured, salt films on the zir-
conium surface were noted. X-Ray studies of the passivating salt 
films established that the films were fluozirconates. A correlation 
was then made between their effectiveness of passivation and their 
relative solubilities. Thus the sodium fluozirconate, which was the 
most effective in causing passivation, had the lowest solubility. 
Potential measurements of Zr in various concentrations of HF 
showed that the higher the HF concentration, the more positive the 
potential. Other tests also showed that there was a direct relation-
ship between the observed rate of dissolution and the potential 
measured. 
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Vander Wall and Whitner(lS} merely extended the work accomplished 
by Smith and Hill (page 4). Basically the same apparatus and method 
was employed. However, where earlier work dealt with dilute acid 
solutions this investigation was undertaken to study the kinetics of 
dissolutions in the more concentrated regions. 
Tests were made to see what effect the concentration of the nitric 
acid had upon the rate of dissolution of zirconium in nitric-hydro-
fluoric acid solutions. The concentration of the hydrofluoric acid 
was held at 0.5 M and the nitric acid concentration was varied from 
0 to 13 M. It was found that the rate of dissolution was not greatly 
effected by the concentration of nitric acid in this range. 
In mixtures of nitric and hydrofluoric acids, the rate of disso-
lution of zirconium metal was found to be first order with respect to 
hydrofluoric acid (0.1 M to _l.5 M). It was also found that calcium 
fluoride in concentrated nitric acid can effect the dissolution of 
zirconium metal. The evidence obtained indicated that the hydro-
fluoric acid species itself was required for dissolution rather than 
the fluoride ion species. 
The addition of silver nitrate in concentrations of 0.003 -
0.03 M t o the dissolvent indicated no apparent increase in the disso-
lution rate. It was stated that "if the dissolution of zirconium is 
an electrochemica l process, one might expect that addition of a 
nobl e metal salt would increase the rate of dissolution". Although 
results with silver nitrate additions indicated that the process 
was not electrochemical, it was suggested that other noble metal 
salts be tested. 
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The activation energy required for the dissolution of zirconium 
in the nitric-hydrofluoric acid system was found to be approximately 
six kilocalories per mole. This was for the temperature range of 
40 - 115° C and was an average value for tests in 0.1 N, 0.25 N, 




The purpose of this investigation was to obtain additional infor-
mation concerning the reaction of hafnium-free zirconium with hydro-
fluoric acid. The investigation dealt specifically with the rate of 
the chemical reaction and with factors which influence the rate. 
The plan of experimentation consisted of several methods of 
investigation composed of: (l) Influence of hydrofluoric acid 
concentration on the rate of dissolution of zirconium; (2) The effect 
of salt additions on the rate of dissolution; (3) The effect of salt 
additions on the potential of the zirconium electrode in hydrofluoric 
acid; (4) The influence of temperature on the rate of dissolution; 
and, (5) The difference effect on zirconium dissolving in hydrofluoric 
acid. 
The above methods are presented as individual parts of the 
experimental section. Each part will consist of apparatus, procedure, 
results, and sample calculations. 
Materials 
The rate of dissolution of a metal in an acid solution is in-
fluenced by a number of factors, among which purity of the metal and 
acid are ~portant. Because of this, the following description is 
given for the zirconium and hydrofluoric acid used throughout this 
investigation. 
Zirconium. The low-hafnium content zirconium was obtained from 
the U. S. Bureau of Mines, Northwest Electrochemical Laboratory, 
Albany, Oregon. 
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The analysis is as follows: 
Oxygen (0) ••• • ••••••••••••••••• • •••••• O.ll1o 
Nitrogen (N) •••••••••••••••••••••••••• 0.005% 
Iron {Fe) ••••••••••••••••••••••••••••• 0.04% 
Hafnium (H£) •••••••••••••••••••••••••• 0.01% 
After rolling, the zirconimn was given a stress relief and 
annealing treatment in vacuum for 30 minutes at 700° C. The zir-
conium sheet was approximately 1/16 of an inch thick. 
Hydrofluoric acid. The hydrofluoric acid used was of reagent 
grade and chemical analysis given by the manufacturer is as follows: 
Nonvolatile ••••••••••••••••••••••••••• O.OOl% 
Chloride (Cl-) •••••••••••••••••••••••• 0.001% 
Fluosilicic acid (H2SiF6 ) ••••••••••••• 0.15% 
Sulfate (00:) •••••••.•••.••• • •••• • •• •. • O. 0011o 
Sulfite cso;) ......................... 0.002% 
Heavy Metals (Pb) ••••••••••••••••••••• 0. 00031o 
Iron (Fe} ••••••••••••••••••••••••••••• O.OOOl% 
Phosphate {P0~)·••••••••••••••••••••••0.0003% 
The acid was obtained from: Merck and Company, Incorporated, 
St. Louis Branch. 
1. Influence of Hydrofluoric Acid Concentration on the Rate of 
Dissolution. 
Apparatus. The equipment for this phase of experDnentation was 




1) Bristol Metavane Pneumatic Pressure Recorder, 
Model 1A501-45, Serial Number 644115, 
Range 0-80" water. 
2) Bristol-Foxboro Pneumatic · Differential Pressure Recorder, 
Type l3A, Bristol Number 644114, Foxboro Number 397624, 
Range 0-80" water. 
3) Motor Controller, G. K. Heller, 
Type 2T60. 
4) Bodine Geared stirring Motor, 
Type NSH12R, 
Serial Number 2048750. 
5) Pressure Regulator and Filter, 0-100 psi. 
6) stainless steel Ballast Tank, 2 liter. 
7) Custom Poly-vinyl-chloride Reactor with stirrer. 
Principle of Operation. The differential pressure between a 
selected standard atmosphere and the pressure resulting from the 
evolution of gases by a metal in the reactor vessel was measured. 
From the pressure which was recorded versus time and the analysis 
of the evolved gases, PVT relations were derived from these data, and 
the reaction rate determined. 
Recording System. (Figure 1). The recording system consisted 
of standard commercial pneumatic differential pressure transmitting 
and recording instruments, 0-80" water range with a sensi ti vi ty of 
0.1% of span. Instrument air was supplied at 75 psi, filtered and 




FIGURE 1. GAS EVOLUTION APPARATUS 
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supplied a linear 3-15 psi signal for full scale response of the 
recorder. Gages indicated instrument air pressure, transmitter 
air supply pressure and recorder signal pressure. 
Reactor and Stirrer. (Figure 2). The reactor was an un-
plasticized poly-vinyl-chloride vessel constructed of a seven 
inch section of standard 4", schedule 80 PVC pipe with bottom of 
l/2" PVC sheet welded to the body, tapped l/4" NPT and plugged. 
The top was seated by a gasketed pressure closing and was fitted 
with a mercury stirring seal and two openings tapped l/4" NPT. 
The stirrer was constructed of l/2" PVC rod turned to 3/8" 
with a l/2" x l-l/4" x 3" vertical paddle stirrer adapted to hold 
a standard l" metallographic mount 3/8" thick. The stirrer rotated 
in a teflon bearing and was sealed by means of a mercury seal con-
structed of 3/4" and l" standard schedule 40 PVC pipe. The stirrer 
was belt driven through a Puc Pulley by a Bodine geared motor, 
the speed was controlled with a Heller Motor Controller. 
Differential Pressure §ystem. (Figure 3). Use of differential 
pressure between the reaction vessel and a ballast vessel of the 
same volume and containing the same liquid reactant eliminates the 
necessity of corrections for changes in ambient pressure and 
temperature during an experimental run and for vapor pressure 
effects of the liquid reactant. Further it permits the study of 
reactions at pressures up to the operating pressure limit of the 
reactor, 165 psia in this case, and down to the equilibrium vapor 
pressure of the liquid reactant. 
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Procedure. A zirconium sample was stamped from sheet zirconium 
to give a disc shaped pellet with an area of l cm2 for each face. 
The sample was mounted in unplasticized-poly-vinyl-chloride (PVC) in 
a metallographic mounting press at 6000 psi and l60°C. The sample was 
mounted flat s o that the l cm2 surface area was exposed. The surface 
was prepared by polishing first with emery paper and then on a canvas 
lap using 600 grit silicon carbide and finally on a billard cloth lap 
using levigated alumina. The sample was degreased and attached to 
the paddle stirrer. The stirrer was lifted and held so that the 
zirconium would clear the acid solution upon assembly of the reactor. 
(The stirrer had a vertical displacement of five inches.) 
Five hundred milliliters of hydrofluoric acid of predetermined 
concentration were poured into the reactor body. The reactor body was 
then attached to the reactor head and the apparatus was ready for 
operation . The operation of the equipment consisted of the following 
steps: 
l) Wind spring for chart drive. 
2) Attach new recorder chart. 
3) Plug motor controller into 110 v. ac. source. 
4) Attach 75-95 psi air supply to pressure regulator. 
5) Adjust regulator valve f or 20 psi output t o differential 
pressure cell. 
6) Open by-pass valve f or ballast tank. (To allow the two systems 
t o reach equilibrium) 
7) Close by-pass valve . 
8) Record starting temperature . (room temperature) 
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9) Lower stirrer and sample into solution. 
10) Attach drive belt to stirrer. 
11) Adjust stirrer speed to desired RPM with motor controller. 
(check RPM with tachometer) 
The length of the run depended on the concentration of the acid 
and the nature of the dissolution (i.e. in 3.0 N hydrofluoric acid 
the sample was gone in less than 7.5 minutes). 
At the end of the run, the stirrer was turned off and the 
reactor body disconnected. The zirconium sample was removed, washed 
and dried, and saved for possible film identification. The room 
temperature at the end of the run was recorded. The chart was removed 
and saved for future reference. 
Data and Results. Before rate studies were made with this 
equipment, the principle of operation was checked for its reliability. 
A zirconium sample was prepared and a run was made in the manner 
described in the procedure. The sample was weighed before and after 
the run. The zirconium ion concentration of the solution after the 
run was analyzed( 2 ) and used to calculate the grams of zirconium in 
solution. The pressure change recorded on the chart was used to 
calculate the volume of hydrogen gas evolved. This volume, corrected 
to standard conditions, was used to determine the weight of zirconium 
in the reaction: 
+ ~ Zr0 + 4H ~ Zr + 2H2 •••.••.••..• (6) 
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The results of these three methods of measuring the weight of zirconium 
reacted are as follows: 
weight lost by sample •••.•.•••••••••••••• O.l65 gms 
weight of Zr ions •••.•••••••.•••••••••••• O.l66 gms 
weight by H2 evolved ••.•••••••••••••••••• O.l67 gms 
Xhis procedure was repeated on two additional zirconium samples in 
different concentrations of hydrofluoric acid. The average deviation 
between the weight lost by the sample and that calculated from pres-
sure readings was less than two per cent. 
The velocity of the liquid across the sample surface has an 
effect upon the rate of dissolution. Therefore, the effect of stirrer 
speeds (in rpm) from zero to four hundred were made with samples in 
0.25 N HF at 30°C. The plot in Figure 4 shows the relationship 
between the rate of dissolution and the stirrer speed. The rate of 
dissolution is directly proportional to the stirrer speed in this 
range (0 to 400 rpm). A stirrer speed of 90 rpm was arbitrarily 
chosen for all the rate studies made on this apparatus. 
The dissolution of zirconium in hydrofluoric acid was observed 
for acid concentrations of 0.1 N, 0.2 N, 0.25 N, 0.3 N, 0.4 N, 0.5 N, 
1.0 N, 1.5 N, 2.0 N, and 3.0 Na At concentrations above 3.0 N, the 
reaction was so rapid that accurate rate measurements could not be 
obtained. The observed data and calculated rates for each acid con-
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The effect of hydrofluoric acid concentration on the dissolution 
of zirconium is represented in Figures 5 and 6. At the low concen-
trations of acid in Figure 5, the rate of dissolution is directly 
proportional to the acid concentration. Above 0.3 N the rate begins 
to increase more rapidly and the curve for the higher concentrations 
in Figure 6 becomes more exponential. 
The rate equation for the dissolution of zirconium in these 
concentrations of hydrofluoric acid was assumed to be: 
where, 
rate d(Zr) = K(HF)n 
crt 
K = specific reaction rate constant 
(HF) concentration of hydrofluoric acid 
( 7) 
n = order of reaction with respect to the HF. 
A plot of the logarithm of the rate versus the logarithm of the hydro-
fluoric acid concentration should give a straight line with its slope 
equal to .!!.· 
Figure 7 shows the log-log plot of rate versus concentration. 
The initial portion of the curve is a straight line with a slope of 
approxbnately one. This indicates that atlow concentrations(below 
0.4 N) of hydrofluoric acid the reaction obeys first-order kinetics. 
The deviation from linearity at higher concentration would appear to 
indicate that either the order of the reaction is changing or that 
equation (7) is not valid at these higher concentrations. 
Sample Calculations. To convert the differential pressures 
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it is necessary to know the void volume of the system. This was accom-
plished by reacting weighed amounts of zinc with hydrochloric acid 
in the apparatus and recording the temperature and pressure changes as 
the hydrogen is evolved. Knowing that zinc reacts with HCl in the 
following manner, 
Zn + 2HCl~ZnC1 2 + H2 ( 8) 
it is then possible to calculate the volume of hydrogen evolved at 
standard conditions. The Ideal Gas Laws are used to convert this 
volume at standard conditions into the volume at apparatus temperature 
r 
and pressure. The new volume will be equal to the void volume of the 
system. As an example, 0.230 gms of zinc were reacted with 1.0 N 
HCl at 37°C. The total pressure change (chart readings) was 51 inches 
of water. Using equation (8) and knowing that 0.230 gms of zinc 
reacted, the volume of hydrogen evolved at standard conditions would 
be 84.4 cc. The void volume of the system is then calculated as 
follows: 
Void Volume 84.4 cc 3l0°K 407 in. X X 
----1--- 273°K ~------=-~ 51 in. H2o 
752 cc 
This procedure was repeated on two additional zinc samples. The 
average of these three runs gave a void volume of 753 cc. 
Zirconium reacts with hydrofluoric acid to produce hydrogen 
and zirconium tetravalent ions as shown in equation (6). This 
evolution of hydrogen in the closed system causes a corresponding 
pressure increase. The pressure increase is recorded continuously 
on the chart of the pressure recorder. The volume of the hydrogen 
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p chart reading (in. H20) taken at time !_. c 
T 
r 
reactor temperature (OK) taken at time t. 
v == reactor void volume (753 cc). 
r 
T = s standard temperature (273°K). 
P standard pressure (407 in. H20). 
a 
since Vr, Ts, and Pa are constants, the expression may be stated more 
simply as: 
VSTP X 505 (10) 
Tr 
Using the data in table VI (Appendix) at the end of 100 minutes the 
chart reading was 8.7 inches of water and the temperature was 27°C. 








The rate of dissolution of zirconium in hydrofluoric acid was 
calculated using the expression: 
R b.V X l(X)() (11) 
---
~t X A 
where, 
R rate in mm3 cm-2 min-1. 
~t = time interval in minutes. 
~V cc of hydrogen at srP evolved in the time interval ~t. 
A = area of the sample in cm2. 
-26-
1000 =conversion factor for cc to mm3 • 
In the above example, after 100 minutes of run, ~V was 1.52 cc for a 
~t of 10 minutes, and ~ was l 2 em . The rate of dissolution was: 
R = 1 •52 X 1000 3 -2 -1 152 mm em min • 
---
10 X 1 
If it is desired, the rate may be calculated in terms of milligrams 
of zirconium lost per square centimeter per minute. Equation (6) 
states that for each gram atomic weight of zirconium reacted there is 
produced two moles of hydrogen gas. Thus, 91.22 grns of zirconium 
will produce 44.8~4 liters of hydrogen gas at standard conditions. 
Therefore, 
1 mm3 of H2 at STP 
91.22 X 103 
44.824 X 106 
0.002035 mg of Zr. 
Hence, the factor to convert the rate of dissolution from rnm3 of 
hydrogen into milligrams of zirconium is 0.002035. The above rate 
would be; 
R"" = (152) (0.002035) -2 1 0.309 mg em min-
2. The Effect of Salt Additions on the Rate of Dissolution. 
Apparatus. The same equipment described in the foregoing in-
vestigation was used since hydrogen could be the only gaseous reaction 
product. 
Procedure. Th e procedure was the same as that given on pages 
17 and 18 with the exception that a salt was added to the acid 
solution during the run. The salt additions were not made until 
sufficient time had elasped to obtain the rate of dissolution in the 
pure acid. When the run had progressed to this point, the stirrer was 
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turned off and the reactor body disconnected. A weighed amount of 
salt was added and the reactor reassembled. The stirrer was turned 
on and the speed checked with a tachometer. The run was continued 
for a length of time which depended on the particular conditions 
involved. The zirconium samples were saved for possible film 
identification. 
Data and Results. Additions of LiF, Ag N03, AuC13 , and ptC14 
were made to determine their effects on the dissolution rate of 
zirconium in 0.5 N Hydrofluoric acid. The data and calculated rates 
f or these runs are included in the Appendix (Table XI through XV). 
Lithium Flouride. Additions of 0.259 grams and 0 . 649 grams 
of lithium fluoride were made t o the 500 milliliters of acid to 
give solutions of 0.02 M and 0 . 05 M respectively. Figures 8 and 
9 show plots of rate of dissolution versus time for these two 
runs. The rates before the additions are, as would be expected, 
essentially the same. The addition of the LiF caused a rapid 
increase in rate in both runs. The 0.02 M solution gave an 
increase of approximately sixteen per cent over the rate in 
pure acid. The 0.05 M solution gave an increase of approxi-
mately fifty per cent. In both runs, the jump in rate is 
followed by a rapid decrease to a rate similar in magnitude 
to that before the addition. 
The solubility of lithium fluoride is given by Hodgman( 7 ) 
as 0 .27 grams per 100 parts of water at l8°C. He also states 
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The above solubility will give a solution slightly over 0.1 M in 
pure water. It was expected that at the operating tenperature, 
and in a solution of hydrofluoric acid, even higher concentra-
tions could be obtained. However, above 0.05 M (0.129 gms per 
100 parts of solution) the lithium fluoride would not all dis-
solve even with vigorous stirring over long periods of tbne. 
Although no explanation can be given for this descrepance, this 
was the reason for not using higher concentrations of lithium 
fluoride. 
The etched samples were examined with a microscope. No 
apparent difference was observed between these samples and others 
reacted in pure 0.5 N hydrofluoric acid. 
Silver Nitrate. The chloride salt could not be used, as in 
the runs with the gold and platinum, since silver chloride is 
insoluble. However, previous investigations(l4 ) have shown that 
neither Cl or No; appreciably effect the rate of dissolution of 
zirconium in hydrofluoric acid. 
The effect of an addition of silver nitrate on the rate of 
dissolution is shown in Figure 10. The addition of silver nitrate 
was made after sixty minutes of reaction time had elapsed. Since 
the rate is calculated only at ten minute intervals the first 
rate obtained after the addition was at seventy minutes. The 
plot (Figure 10) between the 6oth and 7oth minutes is represented 
by a dotted line to show the uncertainty in the rate for this 
interval. The dotted line for the silver nitrate addition should 
·-31-
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perhaps rise slightly as in the plots of the other noble metal 
salts (Figures 11 and 12). The overall effect of the silver 
nitrate addition was to decrease the rate of dissolution by 
approximately eighteen per cent. 
The appearance of the etched sample was quite different than 
that of other samples ran in pure acid. A white crystalline 
precipitate covered the edge of the circular sample surface. 
The rest of the surface was extremely bright and shiny. 8amples 
ran in pure hydrofluoric acid under the same conditions had a 
surface with a dull cast and no precipitate. More of the white 
crystalline precipitate was found in the bottom of the reactor 
body. 'The precipitate was collected and dried. X-ray dif-
fraction pictures showed the precipitate to be silver metal. 
Gold Chloride. The effect of an addition of gold chloride 
on the rate of dissolution is shown in Figure 11. In the first 
ten minutes f ollowing the addition of gold chloride, the rate 
was increased by fifteen per cent. This sudden increase was 
followed by a rather rapid and continuous drop in the rate for 
the remainder of the run. At the time the nm was stopped, the 
salt addition had caused a thirty-eight per cent decrease in the 
rate. Although the rate was still decreasing, the run was 
tenninated so that the sample surface could be inspected before 
the sample was gone. 
The etched sample was almost half covered with a loose dark 
brown precipitate. The precipitation had apparently started at 
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in thickness as it approached the center. As in the case with the 
silver nitrate addition, the precipitate free area in the center 
had a bright metallic luster. The precipitate was only loosely 
held to the surface and easily removed. The surface under the 
precipitate was shiny but heavily pitted. The precipitate was 
identified as gold metal by x-ray analysis. 
Platinum Chloride. The addition of platinum chloride 
(Figure 12) had an initial effect similar to that caused by the 
gold chloride addition. The rate increased about six per cent 
in the first ten minutes after the addition and then quickly 
decreased. After 110 minutes of reaction time (50 minutes 
after . addition), the rat e had decreased by ninety-three per 
cent indicating almost complete passivation of the zirconium. 
The reactor body was disconnected and lowered so that the condi-
tion of the sample could be observed. The surface was completely 
covered with a heavy black precipitate. The reactor was 
then reassembled and the run was continued for another thirty 
minutes in the hopes that one hundred per cent passivation could 
be obtained. However, after reaching ninety-six per cent passi-
vation, the rate began to increase rapidly. The run was ter-
minated at this point so that the sample could be inspected. 
The surface was no longer completely covered by the precipitate. 
Most of the black precipitate was f ound in the bottom of the 
reactor. The precipitate remaining on the surface was adhering 
to the edge. As with the silver and gold, the exposed surface 
had a bright metallic luster with some pitting. 
-35-
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The precipitate was collected and dried and later identified 
as platinum metal. 
Sample Calculations. The only calculations involved for this 
investigation were the converting of pressure readings on the record-
ing chart into rate measurements. Since the addition of salts has no 
effect on the method of conversion, the same calculations were used as 
in the previous investigation described on page 26. 
3. The Effect of Salt Additions on the Potential of the Z~rconium 
Electrode in Hydrofluoric Acid. 
Apparatus. Figure 13, shows the arrangement of the electrodes 
employed for this investigation. A 1-N calomel electrode (A) was 
used as the reference electrode. The auxiliary 0.14 F HF salt bridge 
(D) was used to prevent contamination of the hydrofluoric acid (F). 
The 0.14 N HF was used in the connecting tube for all potential 
measurements. This concentration was the lowest that possessed suf-
ficient conductivity to provide adequate potentiometer sensitivity. 
The primary salt bridge (B) was saturated with KCl solution. The 
stirrer (E) helped to remove the evolved hydrogen from the zirconium 
electrode (G) and maintain homogeneous temperature and concentration. 
A 400 ml glass beaker (H) served as the reaction chamber for the 
Zr-HF reaction. The beaker was purposely not coated with wax so 
that the sample could be observed at all times. 
(-) 
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The circuit and equipment used for the potential measurements 
of the cell described above are given in Figure 14. The diagram is 
self explanatory and is the standard system used for single-electrode 
potential measurements. 
Procedure. The zirconium electrode was cut exactly one centi-
meter on a side with a small handle (about 2 mm wide and 10 mm long) 
projecting from one side (Figure 15). A small hole was drilled in 
this handle and then the sample was mounted in bakelite and polished 
as described on page 17. The bakelite was broken away and the small 
hole cleaned. A copper wire was attached to the sample through this 
hole and clenched tightly to insure a good contact between the lead 
wire and sample. The copper wire was passed through a short piece 
of glass tubing. The handle on the sample was also pushed inside the 
tube. The copper wire was then pulled tight and held by forcing small 
pieces of cork down the glass tube. The glass tubing, the bottom open-
ing, and the sample back and sides were coated with wax. The only 
exposed surface of the finished electrode was the one square centimeter 
of polished zirconium. 
The electrode, held in a clamp attached to a ringstand, was then 
inserted into a glass beaker (Figur e 13, shows its position). The 
double throw switch was closed toward the circuit with the Weston 
cell and the external resistance set so that there was no galvanometer 
deflection when the key was tapped . The switch was then closed toward 
the circuit containing the zirconium electrode. The zirconium electrode 
was connected to the E- terminal of the potentiometer. Three hundred 
milliliters of hydrofluoric acid of known concentration were added. 
LmliliD 
(A) Potentiometer 
(B) Dry cells 
(C) Reaietance box 
(D) Double throw sw1 toh 
(I) Weaton cadmium oell (Eal.Ol86) 
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The stirrer was turned on and rotated at 300 RPM. The salt additions 
were made after the potential of the zirconium in pure acid had been 
determined. All potential measurements were made at ten minute in-
tervals with the exception of those made immediately before and after 
the salt additions. 
Results. According to Daniels ( 3 ), "Any process that causes a 
decrease in concentration of positive metal ions about an electrode 
causes the single-electrode potential of the metal to become less 
positive". This indicates that the formation of a protective film 
will cause the potential t o drop or conversely a breakdown of a 
protective film will cause the potential to rise. 
Salt additions of PtC14, AgN03, and AuC1 3 were made to give 
0.001 M solutions for each salt. All the runs were made with the 
zirconium electrode in 0 .1 N hydrofluoric acid. Earlier investi-
0 ( 19) gat1ons have shown that the attack of this concentration of 
hydrofluoric acid on glass is negligible. 
Table I, shows the effect of 0.001 M PtC1 4 on the potential of 
the Zr electrode. There is an immediate drop in the potential fol-
lowing the addition with a gradual drop as the run progresses. The 
overall effect is a 63 per cent reduction of the average potential 
before the addition. Observati on of the sample, after the addition, 
showed a gradual build up of black reconstituted platinum. The. 
deposition of the platinum occurred first at the corners and edges 
and then progressed t oward the center of the sample. The exposed 
surface was bright and shiny at all times after the addition. 
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TABLE I 
The Effect of an Addition of 0.001 ~ PtCl4 
on 































The effect of 0.001 M AuC1 3 on the potential is shown in Table II. 
This addition did not give as pronounced an effect as did the PtC14 . 
The overall effect was only a 16 per cent reduction in the potential 
of the zirconium electrode. Before the addition, the zirconium sur-
face was covered with the usual black hydride film. When the addition 
was made the hydride vanished just as it did with the PtC14 addition. 
However, the resulting bright surface had a luster somewhat resembling 
polished bronze. The build up of the dark brown reconstituted gold 
occurred in the same manner as that described for the platinum. The 
gold did not seem to adhere to the surface as strongly as did the 
platinum. Even in the 25 minutes following the addition, some of 
the gold had started to drop off the surface. 
The effect of 0.001 M AgN03 (Table III) on the Zr-electrode 
potential was very similar in magnitude to that observed for the 
PtC14 addition. The overall effect was a 57 per cent reduction in 
the potential of the Zr-electrode. The build up of the white silver 
crystals on the sample surface started at the edges and corners. The 
exposed surface was similar to that observed for the run with the 
PtC14 . The reconstituted silver did not seem to adhere to the surface 
as strongly as either the platinum or gold. The amount of recon-
stituted metal adhering t o the surface at the end of each run 
diminished from platinum to gold to silver. 
The effect of noble metal salt additions on the rate showed that, 
for ptCl4 (page 36 ), after almost complete passivation the rate began 
to increase. This would indicate, that if the potential measurements 
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TABLE II 
The Effect of ~Addition of o.cxn !i AuCl3 
on 
The Potential of the Zr Electrode in 0.1 N HF at 30°C 
---- --------
Time Potentiometer Ezr 
(Minutes) (Volts) (Volts) 
0 1.030 0. 750 
5 1.041 0.761 
10 1.045 0.765 
Addition of AuCl3 o. 945 0. 665 
15 0.898 0.618 
20 0. 921 0.641 
25 o. 910 0.630 
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TABLE III 
The Effect of ~Addition of 0.001 ~ AgN03 
on 





























were continued for a longer period of time, the potential following 
the addition would rise after reaching a minimum. Therefore, a 
second run was made with PtCl4 addition and the potential measure-
ments continued for a much longer time period. The results for th~s 
run are shown in Table IV. The potential reaches a minimum (86% drop) 
and then rises to a value just 7 per cent below the original. 
Observation of the sample, as the run progressed, showed that the 
platinum continued to deposit on the surface until all the Pt+4 ions 
were gone (the yellow solution had turned colorless). Then the 
platinum began to drop off until at the end of the run all the re-
constituted platinum was in the bottom of the reaction beaker. 
The black hydride film covered the zirconium surface and hydrogen 
was being evolved from the entire surface. 
In the studies of the effect of 0.001 M PtC14 on the rate, the 
rate began to increase after only 50 minutes whereas in the potential 
studies the potential did not rise until 150 minutes had elapsed 
following the addition. This may be explained by the differences in 
the acid concentrations and the stirrer mechanisms used in the two 
systems. The reduction of the pt+4 ions would occur much faster in 
0.5 N hydrofluoric acid. The stirring mechanism in the rate 
apparatus is much more effective (greater surface velocity} and will 
remove the reconstituted platinum more quickly. 
Calculations. The above series of tests were all made in the 
same apparatus with the variables of each run held constant. The 
only difference was in the noble metal salt added. Since the intent 
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TABLE IV 
The Effect of an Addition of 0.001 ~ PtCl4 
on 
The Potential of the Zr Electrode in 0.1 N HF at 29°C 
Time Potentiometer Ezr 
(Minutes) (Volts) (Volts) 
0 1.000 0.720 
5 1.013 o. 732 
10 1.030 0.750 
Addition of PtCl4 o. 588 0.308 
20 o. 550 0.270 
40 o. 565 0.285 
60 o. 500 0.220 
120 0.425 0.145 
150 0.387 0.107 
180 0.431 0.151 
210 0.455 0.175 
240 0.460 0.180 
270 0.450 0.170 
510 0.491 0.311 
1110 o. 964 0.684 
1350 0.965 0.685 
1590 o. 965 0.685 
2490 o. 964 0.684 
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was to study the effects of these additions, no attempt was made to 
calculate the standard electrode potential of the zirconium-zirconium 
ion. The values of E Zr (volts) were obtained from the equation: 
E = E I - 0.280 Zr (potentlometer) (12) 
where -0.280 is the potential of the l N calomel electrode. 
4. The Influence of Temperature on the Rate of Dissolution of 
Zirconium in Hydrofluoric Acid. 
Apparatus. The equipment was similar to that used by straumanis 
and Neiman(l 2 ) in their studies of the dissolution of zirconium in 
hydrofluoric acid. The equipment consisted of a reaction vessel 
which held the hydrofluoric acid solution, a shaft which rotated the 
zirconium sample through a mercury seal, a gas burette, and a constant 
temperature water bath. The overall arrangement is shown in Figure 16. 
The zirconium sample (A) was mounted on an unplasticized poly-
vinyl chloride foot (I) which fitted on the end of the rotating shaft. 
The foot was made so the zirconium was fixed at an angle of 45° as it 
rotated in the hydrofluoric acid solution. At the upper end of the 
shaft, an aluminum pulley (B) was attached to hold a drive belt to 
rotate the shaft. Since the shaft rotated in a mercury seal (C), 
leakage of hydrogen was prevented. The mercury also functioned as a 
lubricant in promoting free rotation. A rubber cup (J) was fitted 
onto the shaft t o prevent any f oreign material such as eroded glass 
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The reaction vessel for the rate measurements was a 325 ml. 
wax-lined flask (D) fitted with a gas outlet (F) and a valved funnel 
outlet (E) t o allow addition of liquid reagents. The flask had ground 
glass joints at its mouth and on the gas outlet. With all connections 
in place and valves closed the vessel was air tight. 
The hydrogen from the reactor vessel was collected in a 100 ml. 
gas burette (G). As hydrogen displaced water in the gas burette a 
leveling bulb (H) was employed to keep the hydrogen at atmospheric 
pressure. 
A l/50 H.P. direct current moto r with a matching electronic speed 
controller was used to r otat e the zirconium sample. The controller 
allowed any desired speed to be set and kept constant automatically 
with very little deviation . 
The same motor drove a stirrer which c i rculated the water in the 
temperature controlled bath. The control circuit and equipment f or 
the water bath i s shown in Figure 17. The temperature of the water 
bath (G) was controlled by a bi-metal ther:moregulator (A) on a D.C. 
control circuit. A relay (B) in the A.C. c ircuit, energized by the 
D.C. circuit, controlled a Cenco Kni fe Type immersion heater (D) 
which heated t he water bat h . Copper coils (F) containing cold 
water served to cool the bath when the temperat ure r ose above the 
test value . The cold water flow was manually operated. The bath was 
maintained within O. loC of the pre-set test temperatur e . 
Pr ocedur e . A sample was cut from sheet Zr and filed t o a s ize 





A. Oenco knife-type imersion h ater 
B. · tch controlled by relay 
c. Stirrer 
D. Bi-metal thermoregulator 
Eo Thermometer 
F. Copp oooling ooils 
0. Y.Tater bath 
H. 12 volt doc . source 
I. 110 volt e. .c. ource 
-51-
A 
DEPARTMENT OF CHEMICAL ENGINEERING 
MISSOURI SCHOOL OF MINES & METALLURGY 
ROLLA, MISSOURI 
FIGURE 17. CIRCIUT DIAGRAM FOR WATER BA 
SCALE: NONE 
DRAWN BY: 
CHECKED BY : 
APPROVED BY : 





caliper to an accuracy of 0.01 em. The sample was mounted in Bakelite 
in a metallographic specimen mounting press. The exposed surface of 
the mounted specimen was l cm2 ih area. The surface was prepared 
by first polishing with emery paper and then given a final polish on 
a canvas lap using 600 grit silicon carbide and subsequently a 
billiard cloth lap using levigated alumina. 
The Zr sample, after being degreased, was attached to the PVC 
(unplasticized-polyvinyl-chloride) foot with wax. The stirring rod 
was lifted and held so that the zirconium would clear the acid solu-
tion upon assembly of the equipment. The stirring rod had a vertical 
displacement of 2.5 in. without breaking the mercury seal. One-
hundred and twenty-five milliliters of hydrofluoric acid of predeter-
mined concentration were poured into the reaction flask and the equip-
ment assembled. 
The temperature control circuit for the water bath was activated 
and the stirrer turned on. The cooling coils and the brunersion 
~eater were used to bring the bath to test temperature as quickly as 
possible. The control circuit was used to keep the apparatus in 
thermal equilibrium during the course of the run. 
The water level in the gas burette was adjusted to zero and the 
temperature and barometric pressure recorded. After checking to see 
that all valves were positioned correctly, the stirring r od with the 
Zr sample was lowered into the HF solution and the time recorded. The 
leveling bulb was adjusted so that the water levels in the gas burette 
and leveling bulb were equalized, and the burette reading was recorded. 
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The drive belt was Urumediately installed over the pulley and the 
controller set so that constant stirring speed of 200 RPM was main-
tained. The speed was checked with a tachometer. The stirring action 
played an important role in the dissolution process. Stirring not 
only brought a constant supply of fresh acid to the sample surface 
and removed hydrogen, but also agitated the solution so that the 
temperature remained essentially uniform throughout the reaction 
volume. 
The hydrogen gas evolved from the reaction of the zirconium 
metal with the acid, displaced the water and was collected in the 
burette. The water level in the burette was synchronously lowered 
so that the reaction could proceed at atmospheric pressure. 
The length of the run depended on the concentration of acid 
and nature of the dissolution. As soon as the corrosion was retarded 
to a lower and constant rate, the run was considered to be accom-
plished. The rotating mechanism was then detached and the flask was 
taken off and dumped. The Zr sample was then removed, washed, and 
dried. All samples were saved for possible film identification. 
Data and Results. The experiments on the influence of tempera-
ture upon the rate of reaction were made in the following seven 
different concentrations of hydrofluoric acid,namely: 0.01 N, 0.025 N, 
0.05 N, 0.10 N, 0 .15 N, 0.20 N, and 0.25 N. Duplicate runs were made 
at temperatures of 30° C, 40° C, soo C, and 60° C in each of the seven 
given hydrofluoric acid concentrations. The purpose of duplication 
was to minimize experimental error. 
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The hydrofluoric acid concentration is known only before the 
zirconium is introduced into the solution. Because of this, only the 
initial rates of the reaction are used in obtaining the average maximum 
rates of dissolution. The complete data and calculated rates for each 
run are included in the appendix in Tables XVI through XLIII. 
The graph in Figure 18 shows a plot of the initial rate (mm3 per 
2 
em per min.) versus initial HF concentration (nonnality) for each 
of the four temperatures investigated. The lines, drawn through the 
average oJ the points for each temperature, pass through the origin 
of the coordinates and are straight lines for acid concentrations up 
to 0.20 N. Above 0.20 N, there is a deviation from linearity which 
becomes more pronounced as the temperature increases. 
Considering only the concentration range of zero to 0.2 N, these 
plots yield straight lines passing through the origin. This indicates 
that the initial rate is directly proportional to the hydrofluoric 
acid concentration. Further, since the lines pass through the origin 
the rate of dissolution is dependent only on the hydrofluoric acid 
concentration. The rate equation in these concentrations may be 
expressed as: 
d (Zr) 
= K (HF) (13) 
dt 
The slopes of the straight line portion of the plots of rate 
versus concentration were used to obtain numerical values for the 
t v Th 3 -2 specific rate constan ~· ese values of ~, expressed as mm em 
1 -1 
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at 30° C K 168 
40° C K 207 
50° C K 289 
60° C IC 296 
The activation energy for the initial reaction was obtained 
from the graph in Figure 19 where the logarithms of the rate constants 
are plotted against the reciprocal of the absolute temperature. 
The activation energy obtained for the temperature range of 30-60° C 
and in hydrofluoric acid concentrations below 0.20 N was approximately 
-1 3.8 Kcal mole • 
Sample Calculations. The calculation of the rate of dissolution 
was based on the volume of collected hydrogen gas reduced to standard 
conditions. Since the hydrogen was collected over water in the gas 
burette, water vapor pressure was subtracted from the barometer 
reading. Temperature correction for the barometric reading was 
made according to C . D. Hodgman 's Tables (G). 
Based on the above statements the following calculations were 
made for each experiment. As an example, data from Table XXVII,page 109 
were used: 
Average r oom ternperature ••..••••••••.••••••.•.•• 29.l° C 
Average barometric pressure .••••.••••.••..••••• 738.3 mm Hq 
Correction f or water vapor •.•••.••••.••..••••••• 30.2 mm Hg 
Temperature correction f o r the barometer •.••.•••• 3.5 mm Hg 
Average corrected barometric pressure* •...••.•• 704.6 mm Hg 
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The volume of hydrogen under standard conditions of temperature 
and pressure was calculated by applying the Ideal Gas Law. Using 
the above data, the correction factor for volume under standard condi-
tions would be: 
(273.2) 
X 
(704.6) o. 838 
(29.1 + 273.2) (760.0) 
After 100 minutes of running the experiment, the volume of hydrogen 
3 gas collected was 21.7 em • The volume reduced to standard conditions 
is then: 
3 21.7 x 0.838 = 18.2 em 
The rate of dissolution in mm3 of hydrogen gas per cm2 of 
surface area per minute was calculated using equation (11) given on 
page 25. 
5. The Difference Effect on Zirconium Dissolving in Hydrofluoric Acid. 
Apparatus. The apparatus included the same therrnoregulated water 
bath, stirring mechanism, and burette to measure the evolving hydrogen 
gas, as described in the foregoing section. However, the small 
Erlenmeyer flask used as the reaction chamber in section 4 was re-
placed by a 500 ml ., three-necked, boiling flask. 
The r eactor and auxilliary equipment employed are shown in 
Figure 20. The inside wall of the flask (D) was coated with wax to 
prevent attack by the hydrofluoric acid . The stirrer paddle (C) was 
made from one i nch PVC r od with a sleeve long enough to protect the 
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glass stirrer shaft from attack by the acid. The glass tubing used 
for the zirconium electrode (A) and .the platinum electrode (B) was 
also coated with wax. Both the gas outlet (F) and the mercury seal 
(E) had ground glass joints. A two-hole rubber stopper (J) was 
used to hold the electrodes. With the rubber stopper and mercury 
seal in place and the gas outlet connected to the gas burette, the 
system was air tight. The circuit connecting the two electrodes 
consisted of a milliammeter (H), a variable resistance (I), and a 
switch (G). 
Procedure. The zirconium electrode was prepared with the same 
technique as described in section 3, page 36. The platinum electrode 
having the same surface area (1 cm2 ) as the zirconium, was prepared 
using the method given by Daniels( 4 ). The electrodes were inserted 
in the two-hole rubber stopper. The distance between the electrodes 
was adjusted to five millimeters (measured with a sharp divider). 
The reactor flask was immersed in the ther.moregulated water 
bath of 25°C, and the gas outlet connected to the burette. The 
water level in the burette was brought to the zero mark and 300 
milliliters of hydrofluoric acid of known concentration were poured 
into the reaction flask. The stirring mechanism was turned on and 
rotated at 200 rpm. Time was allowed for the acid to reach thermal 
equilibrium. The electrodes were introduced and connected to the 
external circuit with the switch open. 
The determination of the rate of dissolution was the same as 
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electrode remained stationary while the solution was stirred. The 
stirring mechanism was run beside the electrodes without disturbing 
them. The dissolution rate was based on the volume of hydrogen 
evolved in a certain period of time. When the rate of zirconium 
dissolution was determined, the switch was closed, and the rate was 
measured for the Zr-Pt couple with the external resistance set at 
zero. The average milliammeter reading during this period, as 
well as the volume of hydrogen evolved, was recorded. The switch 
was opened and the same procedure repeated for several arbitrarily 
chosen values of external resistance. 
Data and Results. A brief description of the phenomenon 
known as the "difference effect" will be presented before the data 
and results. The description is presented here, rather than in the 
discussion, so that the r eader can more readily comprehend the 
physical significance of the data and results. 
Difference Effect. When zinc is placed in dilute hydro-
chloric acid, and is connected to a more noble metal immersed in 
the same solution to for.m a cell, the hydrogen evolution at the 
zinc electrode decreases while hydrogen is evolved at the 
electrode of the nobler metal . This phenomenon was first 
observed by Thiel and Eckell ( 17 ), and is known as the "difference 
effect". It has been found that the presence of the difference 
effect during the dissolution of a metal can be explained by 
the theory of " l ocal elements" ( 6 ), and that this is a proof 
that the process is elect r ochemical. 
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The difference effect is established by comparing the rate, 
v1 , of hydrogen evolution of a metal dissolving in an acid or 
base, with that, v2, observed during anodic polarization of the 
metal at current density, I. Usually the two rates are not equal, 
and the difference 6, known as "difference effect" is 
v - v = /.). 1 2 ( 14) 
Customarily a "positive" difference effect (V1> V2 ) is defined 
as the decrease in rate of dissolution as the result of an 
external anodic current. A "negative" difference effect (V2>V1 ) 
is defined as an increase in the rate of dissolution of the metal 
as a r esul t of an external anodic current. 
Th d 'ff ff t d · 3 - 2 m1'n-l 1's calcu-e 1 erence e ec expresse 1n mm em 
lated by the equation: 
(15 ) 
where Vt is the total rate of hydrogen evolution from the anode 
(Zr in thi s case) and the cathode (platinum) while the current 
I is flowing through the circuit. The factor 6 . 97 convert s the 
milliamperes passing through the cathode for one minute into 
mm
3 
of hydr ogen (see Sample Calculations) . 
. ( 17) The empirical equat1on 
6 = K I ( 16) 
combined with equation (15) , gives an expression forK: 
+ Vl-Vt K = 6 . 97 (17) 
I 
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The constant ~ shows directly the mm3 of hydrogen by which the 
rate of dissolution of a metal is decreased per milliampere of 
the current discharge through the cathode . Assuming that 
no secondary processes occur (such as the formation or break-
down of protective films, etc.), there are limiting values(l 6 ) 
forK. The maximum value for~ is 6.97, meaning there is no 
hydrogen evolution on the dissolving metal when connected to a 
noble metal electrode . The metal is totally polarized (100% ) 
as the hydrogen produced by the current is completely subdued 
by the difference effect. On the other hand, if~= 0 , there 
is no d ifference at all , and no anodic polarization (0%) . 
In between are the K values for different metals, and their 
polarizability in per cent (P%) can be expressed as : 
100 K 
6 . 97 
14.35 K (18) 
The experiments on the difference effect were made in the 
following seven different concentrations of hydrofluoric acid, name-
ly: 0 .1 5 N, 0 .20 N, 0 .30 N, 0 . 50 N, 0 .60 N, 0 .7 5 N, and 0 .90 N. 
The data and calculated rates for these runs are given in the Appen-
dix, Tables XLIV thr ough L. 
Table V gives the calculated ~ and K values f or each acid con-
centration and current density i nvestigated . Zirconium elect r odes 
having an area of 3.8 cm2 were used for the runs made in 0 . 20 N and 
0 . 30 N acid . All other runs were made with electrodes having surface 
areas of 1 cm2 . The variation in electrode area had no apparent effect 
on the K values. The average K value f or all runs was 8 .8 9. As 
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TABLE ·V 
Difference Effect, ~' and Slope Constant, K, Obtained with Zr in 
Various Concentrations of HF at Different Current Densities, I. 
Cone. of I, Current Density 11 , Difference Effect K, Slope Constant 
HF (ma /cm2) (mm3 /cm2 _min) (rnm3/ma min) 
7.47 (no r es) 60.40 8. 09 
5 . 00 68.90 13.80 
0 . 15 N 2.50 8.90 3.56* 
8. 93 (no res) 79.40 9 . 53 
0 . 20 N** 10.3 (no res) 79 .50 7.72 
12.25 (no res) 98 .80 8. 07 
17.10 (no res) 159.5 9. 33 
5. 30 43. 40 8.19 
0 . 30 N** 7.90 76.50 9.68 
17.80 (no res) 146 .10 8.23 
0 . 50 N 24. 00 (no r es ) 217. 00 8.68 
10. 00 61.70 6.17 
25. 00 (no res) 217. 00 8.68 
10 . 00 210.00 21.00* 
0 . 60 N 15. 00 116 . 00 7 . 73 
26. 00 (no res) 225.00 8.65 
33. 0 (no res) 304 . 00 9 . 21 
0 . 75 N 20. 00 190 . 00 9. 50 
33 . 00 (no res) 288 . 00 8.73 
46.00 (no res) 457. 00 9. 93 
0 . 90 N 20.00 459. 00 22 . 9 * 
43 . 00 (no res) 376 . 00 8 .74 
*These values were not included in the average value of K due to their 
large discrepancies . 
**3.8 em 2 zirconium electrodes were used for these runs . 
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mentioned in the brief discussion of the difference effect, the value 
of~ should not theorectically exceed 6.97. The fact that this series 
of investigations gave values consistently above 6.97 cannot be 
explained at the present time. 
Sample Calculations. According to Faraday's Law, one coulomb 
or 96,500 ampere seconds of electricity liberates one gram equivalent 
of hydrogen gas. At standard conditions of pressure and temperature, 
3 96,500 amp. sec. = 11,207 em of hydrogen, 
hence, 
l milliamp . min . 11,207 X 60 
96 ,500 X 1000 
3 0 .006 97 em of hydrogen 
3 
or 6.97 mm of hydrogen 
On the basis of the above result, the rate of hydrogen evolution at 
the cathode, as a result of the current in the external circuit, may 
be expressed as 6. 97 I. 
Using the data and results given in Table XLIV for 0.15 N HF, the 
rate of dissolution at the 80th minute (before current flow of 5.0 m. a.) 
3 -2 . -1 
was 16 9 rnm em m1n 
therefore, 
v = 169 + 211 
1 
2 
The average rate of self-dissolution, v1 , was 
3 2 . -1 190 mm em- m1n 
The total rate of hydrogen evolution , Vt, from both anode and cathode 
was an average of the rates at the 9oth and lOOth minutes (current 
fl owing) and was f ound to be : 
V = 152 + 160 = 156 mm3 
t 
2 
-2 . -1 
em m1n 
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knowing the values of v1 , Vt' and I, the difference effect was calcu-
lated using equation(l5). 
3 -2 . -1 ~ = 190 + 6.97 x 5.0 - 156 = 68.9 rnm em m1n 
The constant ~was derived by dividing the difference effect by 
the corresponding current density. For the above example, 





= 13.8 mm3 ma-l min-l 
5 . 0 
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IV. DISCUSSION 
The discussion is presented in f our sections: (l) Reaction 
Mechanism, (2) Correlation of Experimental Results and Reaction 
Mechanism, (3) Recommendations, and (4) Limitations. 
Reaction Mechanism 
A hypothesis is a conjecture put forth as a possible explana-
tion of certain phenomena. The following presentation of reaction 
mechanism is offered only as an hypothesis. 
Zirconium Oxide . Even high purity zirconium is covered with a 
thin, tenacious, oxide film. Zirconium produced in an inert or re-
ducing atmosphere forms an oxide film instantly on contact with air. 
The formati on of the oxide film at normal temperatures and pressures 
is due to surface oxidation alone and not to the solution of oxygen in 
the metal as observed at higher temperatures. The film dissolves at 
higher temperatures (450° C) thus permitting further absorption of 
oxygen. However, at l ow temperatures, the oxide film has protective 
properties. The corrosion resistance of zirconium is affected not 
only by its purity but also by the type of surface film present. 
The oxide film could very possibly be the reason zirconium is cor-
rosion resistant to most media. The importance of the oxide film to 
corrosion is substantiated by the fact that zirconium dissolution 
occurs only in acids or acid solutions which react with zirconium 
oxide . 
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Mechanism for Zr02 Formation. The oxide film will be 
represented by the formula zr02 since its formation, as men-
tioned above, is due merely to surface oxidation. It should 
be mentioned however, that the film has never been identified 
as Zr02 and is normally represented as ZrOx. The Ox is to 
indicate that the lattice sites occupied by the oxygen atoms 
quickly diminishes from that of the saturated state (Zr02 ) to 
that of the pure zirconium (i.e. the film is only a few lattice 
parameters in thickness). The outer layers of unit cells are, 
in all likelihood, saturated with oxygen atoms. 
Th 1 1 I 1 d h b t d( 11) e oxygen 1n z1rcon1um ox1 e as een repor e as 
atomic oxygen bound to the zirconium lattice by slightly strained 
covalent bonds. The r~action of 02 with Zr is represented by 
the equation: 
Zr + o 2 __..zr02, ~fo = -244.4 Kg- cal/mole (19) 
The reaction actually involves rupture of Zr - Zr and 0 - 0 bonds. 
The reaction is spontaneous and highly exothermic (~0 f -258.2 
Kg- Cal/mole). The bond ruptures (Zr- Zr, 0 - 0) and reforma-
tion (Zr - 0) may be looked upon as merely a rearrangement of 
bonding electrons to that of a lower energy state. The reason 
why the reaction is self-terminating was mentioned earlier . The 
outer lattice sites available for oxygen atoms are quickly filled 
and the zirconium is blanketed by a protective layer of Zro2. 
Zr02 - HF Reaction . The zra2 - HF reaction will be discussed 
next since this reaction must initially precede the dissolution of the 
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the zirconium lattice, (2) react with like atoms to form o2 and H2, 
or (3) react with each other to f orm H2o. Experimentally, (3) is 
the process that predominates. This can be explained in the same 
manner as the reaction of Zr with 02 was explained. That is, the 
reaction of Zr02 with (HF) is not a step-wise procedure of electron 
rearrangement. Rather, it involves the continuous perturbation of 
electrons to an overall state of lower energy. As Zr-F bonds are 
f ormed and H-F and Zr-0 bonds are broken, H- 0 bonds are forming. 
Zr-HF Reaction. Once the oxide film _has been removed, the 
reaction of zirconium metal with hydrofluoric acid commences . The 
dissolution or corrosion of a metal is often referred to as being 
either a chemical or an electrochemical phenomenon. Therefore, the 
dissolution of zirconium metal in hydrofluoric acid solution will 
be di scussed with respect to both these phenomena . 
Ch ' l M h ' P ' ' t ' t ' ( lS ) h ' d ' em1ca ec an1sm. rev1ous 1nves 1ga 1ons ave ln l-
cated, as in the case of zr02, that the reaction is dependent upon 
the (HF) species. The r eaction may be represented by the 
equation: 
Zr + 4HF~ZrF4 + 2H2, ~Fro= -16 5 .2 Kg-cal/mole (21) 
The reaction is spontaneous and exothermic (~H 0 = -188 Kg- cal /mole) . 
r 
The explanation of the Zr-HF reaction is analogous to that of 
the zr02 - HF reaction . The attack of the HF molecule s initiated 
at the outer zirconium atoms . The fluorine atom receives an 
electron from a zi rconium atom with the subsequent r elease of 
the hydrogen atom . The hydrogen atom may then diffuse into the 
zirconium lattice or react with another hydrogen atom to f orm H2 . 
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The formation of H2 is more prevalant (diffusion does occur 
however, and will be discussed later). Again, the complete 
reaction involves continuous perturbation of electrons to 
that of an overall state of l ower energy. 
Electrochemical Mechanism. The electrochemical theory of 
corrosion postulates local cell action on the metal surface. 
This theory has gained wide popularity, but there are many 
details regarding the corrosion mechanism which are still obscure. 
In general, when a metal is dissolving in an acid, ions tend 
to fl ow from the metal into solution at anodic areas, and an 
equivalent quantity of hydrogen is deposited at adjacent sur-
faces of the metal functioning as cathodic areas. Thus local 
cells are formed on the metallic surface as the anodic and 
cathodic areas are short circuited in the electrolyte. Accord-
ing to this theory , the important factors controlling the rate 
of dissolution of a metal are: 
(1) the potential of the dissolving metal 
(2) the hydrogen overvoltage of local cathodes 
(3) the number of active local cathodes per surface unit; and 
(4) the resistance of the electrolyte . 
The resistance of the electrolyte is considered proportional to 
the acid concentration, while that of the metallic contact between 
anode and cathode is neglected. 
The zirconium used in this series of investigations was of 
high purity. The number of local cathodes due to impurities was 
very low. However, local cathodic areas may be present on the 
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sample surface as a result of a physical property other than 
purity. Although the zirconium samples were highly polished to 
insure constant initial surface areas, on the microscopic scale 
the sample surface ·consists of numerous minute 'peaks' and 'valleys'. 
It is therefore possible for the peaks to act as the anodes (since 
the initial reaction occurs more rapidly at the_ high points) 
and for the valleys (or low points) to act as cathodic areas 
(this is not a new idea, it is used as the basis of electrolytic 
polishing). 
The dissolution of zirconium metal in hydrofluoric acid solution 
is therefore a process involving both chemical and electrochemical 
phenomena. Due to the high purity of the zirconium used in this 
investigation, the process is in all probability predominately 
chemical in nature. 
Zr - H20 Reaction. The H20 molecule is similar in many respects 
to the HF molecule. Oxygen is surpassed only by fluorine in the 
electronegative scale of the elements. Hydrogen bonding is present 
in water as it is in liquid hydrogen fluoride and, like HF, the 
oxygen has not fully satisfied its affinity for electrons. There-
fore, it is not surprising to find that zirconium will react with 
steam at high temperatures (400 -450° C). The reaction is: 
Zr + 2H2o~ Zr02 + 2H2 (22) 
Thermodynamic data indicates that the reaction will occur spontan-
eously and exothermically at room temperature. 
-73-
~F 0 -131 Kg-cal/mole , 
r 
~H 0 -121. 6 Kg-cal/mole. 
r 
Pure zirconium metal should react with water at room temperature. 
The reaction however, would be self-terminating due to the formation 
of the protective, insoluble, film of Zr02• A possible explanation 
of the reaction at higher tenperatures is that as th~ temperature 
increases, the kinetic energy of the zirconium and oxygen atoms of 
Zr02 also increases. A point is reached where the oxygen atoms are 
no longer held to any given zirconium atom. With oxygen atoms of steam 
on the surface acting as the driving f orce, the oxygen atoms diffuse 
deeper into the metal structure. Thus, as mentioned earlier, Zr02 
' dissolves ' at these higher temperatures. 
The reaction of zirconium metal with hydrofluoric acid solution 
is not as simple as indicated previously. Once the (HF) has reacted 
with the Zr02 and exposes sites of pure metal, (H20) as well as (HF) 
may then react. The H20 molecules outnumber HF molecules in all 
concentrations of acid solutions. As an example, in 1 N hydrofluoric 
acid solution the ratio of (H20) to(HF) is approximately sixty to 
one . The ratio, as would be expected, increases as the normality 
decreases. The i onization constant f or hydrofluoric acid in dilute 
solutions is 7.2 x 10-4 , but in very concentrated solutions the degree 
of i onization rises sharply (a behavior opposite to that of almost 
all other weak electrolytes) . This would mean that the ratio of 
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(H20) to (HF) decreases with increasing concentration to a minDnum 
value and then rises in very concentrated solutions. These facts are 
presented at this time merely to show that, regardless of acid concen-
tration, (H2o) has a higher statistical probability of reacting at any 
given site than does (HF). 
Complete Mechanism of Dissolution. The dissolution of zirconium 
is initiated with the attack of (HF) on the protective layer of Zro2• 
Once the free metal is exposed, the dissolution proceeds as follows: 
(a) Zr + 4HF~ ZrF4 + 2H2, 
(b) Zr + 4H+~ Zr+4 + 2H2 (electrochemically), 
(c) Zr + 2H20---7Zr02 + 2H2• 
Reaction (c) will predominate in all concentrations of hydrofluoric 
acid and, in most cases, the effects of (a) and (b) may be neglected. 
The ratio of (H20) to (HF) reaches a minimum as the concentration is 
increased. It is in this concentration range that the effect of (a) 
cannot be neglected. At very high concentrations of hydrofluoric acid, 
the H+ concentration is high enough so that (b) should not be neglected. 
At low concentrations of (HF) where the effects of (a) and (b) 
are neglected, the slow (rate controlling) step for dissolution will 
be: 
The dissolution rate is dependent only upon the rate at which the 
protective Zr02 is removed (so that new sites are made available). 
The rate of (d) is dependent on the concentration of hydrofluoric 
acid and the plot of dissolution rate versus (HF) concentration will 
be linear and pass through the origin. 
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The reaction rate of (a) is much higher than t .he corresponding 
reaction rate of (d). The contribution of (a) to the overall dis-
solution process reaches a maximum as the ratio of (H 0) to (HF) 
2 
reaches a mintmum. The plot of dissolution rate versus (HF) concen-
tration will become exponential in the concentration range where the 
contribution of (a) is great. At very high concentrations (where 
(H20) to (HF) increases), the plot may or may not revert to a linear 
plot depending on the contribution of reaction (b). The contribution 
of (b) should be large enough at very high acid concentrations to 
cause some deviation from linearity (although its effect would not 
be as great as that caused by (c) unless there are Dnpurities 
present). 
Correlation of &xperbnental Results and Reaction Mechanism 
This section presents major experimental results followed by an 
explanation of the results in tenms of the proposed reaction mechanism. 
The plot of dissolution rate versus HF concentration gave a 
straight line for the dissolution of zirconium in HF - HN03 mixtures 
(HF concentration, 0- 2.0 M). 
Nitric acid is an oxidizing agent and was present in excess in 
these mixtures. It is not surprising, therefore, to find that the 
dissolution rate foll ows the linear relationship associated with 
equation (d). The formation of zra2 at available free-metal sites 
is enhanced by the nitric acid and reaction (a) is repressed. 
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The rate versus concentration plot for zirconium in pure HF 
solution was linear at l ower concentrations (0-0.5 N) but became 
exponential at higher acid concentrations (0.5- 3.0 N). 
This behavior corresponds to that predicted by the proposed 
mechanism. It should be pointed out, however, that interfacial 
temperature effects also tend to increase the dissolution rate as the 
concentration of the acid increases. The dissolution reactions are 
not only spontaneous but also exothermic. The small zirconium 
samples were either mounted in bakelite or covered with a heavy 
coating of wax. These non-conducting coverings prevent the dissipa-
tion of reaction heat from the metal sample. The result is an in-
crease in metal temperature which is most pronounced at the metal-
acid interface. Reaction (a) is over three times as exothermic 
as react ion (d ). As the contribution of r eaction (a) increases, 
the temperature effect becomes more pronounced. The deviation of 
·the rat e versus concentration plot from linearity is a result of 
both reacti on (a) and the corresponding temperature effect. 
The di ssolution rate of zirconium in hydrofluoric acid was 
increased by small additions of fluoride salts. 
The fluoride i on inc r eases the reaction r ate as a result of 
thr ee phenomena : (l) The conductivity of the solution is increased 
thus enhancing the contribution of equation (b), (2) The HF species 
is increased due to a shift of the equilibrium in 
HF~ H+ + F-
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to the left, and (3) The solubility of reaction product is increased. 
The ZrF4, formed by reactions (a) , (b) and (c) , exists in solution 
+ +3 +2 -2 primarily as the complex ZrF3 (ZrF , ZrF2 , ZrF4, ZrF6 , and 
-3 ZrF7 are present in lesser amounts). The addition of fluoride 
-2 ions increases the formation of the stable ZrF6 complex. The 
result is a more rapid removal of ZrF4 (as ZrF6-
2 ) from free-metal 
sites. 
The dissolution rate of zirconium in HF is increased by additions 
of hydrochloric acid . The increase is not as large as that cuased by 
a similar addition of fluoride salt. 
Hydrochloric acid increases the rate of dissolution as a result 
of phenomena (l) and (2) given above for the fluoride additions. The 
HCl has little if any effect on solubility of reaction products. If 
a given number of F i ons will cause a greater increase in dissolution 
+ 
rate than a corresponding number of H ions then , since (2) will be 
the same in both cases, either the cont ribution of (l) is small or 
the contribution of (3) is large (since HCl increases the conducti-
vity more than an equal concentration of fluoride salt). 
Noble metal salt additions caus ed a small initial increase in 
dissolution rate. The initial increase was foll owed by a rapid de-
creas e. The per cent inc r ease of r ate was greatestfDr Pt , less 
for Au, and least for Ag . 
There are local cells present on the sampl e surface a s ex-
plained in the discussion of electrochemical dissolution. The 
noble metal ions are r educed at the cathodes of these local cell s. 
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The rate is initially increased as a result of this 'plating out ' 
process. The areas of the cathodes are increased and the hydrogen 
overvoltage is diminished. The hydrogen overvoltage increases from 
Pt ~Au -+ Ag and the rate would be expected to increase in the 
opposite order. As the plating out continues, the surface of the 
metal is quickly blanketed by the reconstituted noble metal and the 
rate decreases merely as a result of decreased zirconium surface. 
The total effect of the noble metal salt additions will depend upon 
the concentrations of noble metal ions, the rate at which these ions 
are reduced, ~nd the adherence of the reconstituted metal to the sample 
surfac e . Once all the noble metal ions are reduced , the reconstituted 
metal will gradually be dislodged and the rate will increase (as in 
the prolonged run with ptCl4 ). 
The f ormation of a tenacious black film on the zirconium surface 
was obs erved in hydrofluoric acid concentrations of 0 . 01 N to 0 .3 N. 
The film did not form in acid concentrations which were either above 
or below this range. The film was identified as zirconium hydride 
. ( 20) 
and had the approximate formula ZrH1 • 9 . 
Atomic hydrogen is an intennmediate reaction product resulting 
from the reaction of either Zr and HF or Zr and H2o. The atomic 
hydrogen f ormed from thes e reactions may either r eact t o give H2 or 
diffuse into the zirconium lattice. At low acid concentrations 
0 . 01 N) , the diffusion process is so slight that film formation 
is not observed. As the acid concentration is increased (OaOl - 0 ~ 3 N) , 
the number of hydrogen at any given time is also increased and thus 
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the diffusion process is intensified. The resulting zirconium hydride 
is sufficient in thickness to be observed as a black surface film. 
The (HF) attack is so vigorous at higher concentrations (<0.3 N) that 
the hydride is reacting as rapidly as it is formed. 
Analysis of the gas evolved from the reaction of Zr in HF and 
0 (14) HCl showed the presence of 3 - 4 per cent 2 • Care was taken to 
insure removal of all oxygen before the reaction was initiated. 
The reaction of HF with Zr02 (continually being formed by 
Zr - H2o reaction) produces predominately H2o. There is however the 
possibility of H2 and 02 formation. The amount of 02 produced by 
this method would be small. 
Recommendations 
The gas produced from the Zr - HF reaction should be analyzed 
over a range of hydrofluoric acid concentrations. The per cent of 
H
2 
and 02 may or may not remain constant as the acid concentration 
is varied. This information would afford a valuable insight into the 
true mechanism of the reaction. 
Further studies should be made on the dissolution of pure titanium 
in hydrofluoric acid . Earlier studies of this reaction were made 
using relatively pure titanium and the process was reported as being 
primarily electrochemical in nature. The results of the investigation 
of pure zirconium in hydrofluoric acid indicated that the Zr - HF 
reaction is primarily a chemical process . Sinc e the chemistry of 
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zirconium and titanium is very sbnilar, it would be interesting to 
see if pure titanium would give results similar to pure zirconium. 
The kinetics of the reaction of hafnium with hydrofluoric acid 
would also be useful. Hafnium and zirconium are almost identical in 
chemical properties and correlation of their rate studies would be of 
value. Published material concerning the chemistry of pure hafnium 
is even more scarce than that of zirconium. This, coupled with the 
use of hafnium in nuclear reactors and its availability in pure fonn, 
augments the importance of its investigation. 
The gas ~volution method of measuring dissolution rates is not 
only very limited but also somewhat inaccurate. This method is 
completely useless for dissolution processes that either evolve no 
gas whatsoever or those that evolve a mixture of gases. Even for 
zirconium solution in pure hydrofluoric acid, the evolved gas was 
found to contain some oxygeA~ 4 )It is therefore recommended that this 
method be replaced in future investigations of dissolution processes. 
The method employed by Smith and Hill (see Literature Review) would 
allow diversity of experimentation and is suggested as a replacement 
for the gas evolution method. 
Limitations 
There were four limitations in this investigation that could have 
an important effect on the results. They are as follows: 
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Composition of Product Gas. All rate calculations were made with 
the assumption that the evolved gas was hydrogen and only hydrogen. 
However, the evolved gas from the Zr - HF reaction at 1.0 N HF was 
(14) 1 
shown to contain a small percentage of oxygen. lhe effect of ac1d 
concentration on the amount of oxygen produced was not known and no 
correction was made on the rate calculations. Therefpre, the dis-
solution rates could be in error by a considerable amount. The effect 
the oxygen has on the rate calculations would depend upon its origin 
and amount. For 1 N HF, the evolved gas contained 3 - 4% oxygen. 
If the oxygen . originates from the Zr02 - HF reaction as postulated 
earlier, then 6 - 8% of hydrogen was formed at the same time. This 
could mean that the observed volume of H2 evolved was 9 - 12% too 
high, since the Zr - H2o reaction was postulated as the step which 
produced all the hydrogen (i.e. one Zr atom reacts with an H2o to 
give one Zr02 and two H2, the Zr02 then reacts with an (HF) to give 
one ZrF4, and 02, and two H2; or to put this Zr atom into solution 
releases four H2 and one o2). The deviation could also increase with 
increasing acid concentration. The above statements are true only 
if the postulated mechanism is correct. 
Effective (HF) Concentration. The ionization 'constant' is not 
constant for hydrofluoric acid. A relationship between ionization 
and acid concentration could not be found. If it did not vary apprec-
iably in the acid range investigated (0.1 - 3.0 N), the concentration 
of (HF) species was approximately equal to the acid concentration 
(for 0.1 N acid, (HF) = 0.092, and for 3.0 N acid, (HF) = 2.95). 
Even the acid concentration was only known initially, since as the 
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reaction progressed acid concentration diminished. This effect was 
reduced by using only initial (maximum) rates in calculating the 
average rate of dissolution in any given concentration. 
Solution Temperature. The temperature of acid solutions was 
closely controlled only for investigating temperature effects 
(activation energy) and the difference effect. No attempt was made 
to control the solution temperature for the runs made with the PVC 
apparatus. The solution temperature ranged from 26° C to 30° C for 
these runs. 
Sample Area. The area of the sample surface was measured by 
means of a caliper. The apparent calculated area was assumed to be 
the actual area in rate calculations. Although this assumption was 
not strictly correct, the actual area should be directly proportional 
to the apparent area . 
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V. SUMMARY AND CONCLUSIONS 
The rate of dissolution of zirconium in hydrofluoric acid was 
determined by periodic collection and measurement of the volume of 
hydrogen gas liberated (from a given Zr surface area) according to 
the reaction : 
The. influence of hydrofluoric acid concentration on the rate 
of zirconium dissolution was investigated by varying the acid 
concentration from 0 . 1 N to 3.0 N while holding other variables 
constant . This led to the following results and conclusions: 
1. The Zr-HF reaction obeyed first-order reaction 
kinetics f or the concentration range of 0.1 - 0 .4 N HF . The 
reaction was dependent only upon the (HF) species and the r eaction 
rate was directly proportional to the concentration of this species 
in this range. 
2. The reaction at concentrations above 0 .4 N HF was either 
very complex or the method of investigation inaccurate. The 
reaction was not a constant- order reaction above 0 .4 N HF with 
respect to the F- ion concentration nor t o the H+ ion concen-
tration. 
It was also found that the r ate of dissolution was directly 
porportional to the speed at which the sample was r ot ated (0 - 400 rpm). 
It was concluded that the rate of dissolution was influ~nced by the 
velocity of t he acid across the sample surface. 
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Additions of LiF, HCl, PtC14, AuC1 3 , and AgN03 were made to deter-
mine their effect on the Zr-HF reaction. The results and conclusions 
derived from this procedure were: 
1. The fluoride ion tends to increase the rate of dissolution . 
Additions of 0 . 02 M and 0 . 05 M LiF gave an increase in reaction 
rate of 16 per cent and 50 per cent respectively. The increase in 
rate was followed by a rapid decrease to a rate similar in magni-
tude to that before the addition. 
2. The hydrogen ion addition increased the rate of dissolu-
tion, although not to the extent of a similar fluoride addition. 
The dissolution rate of Zr in 0 . 5 N HF was increased 17 per cent 
by an addition of 0 .5 N HCl. The increased rate did not diminish 
with time as in the case of fluoride additions, and it was con-
cluded that the observed rate increase was not caused by the 
same mechanism as that of the fluoride additions. 
3 . Small additions of noble metal salts caused a small 
initial increase in the reaction rate. The rate increase was 
of short duration and was followed by a rapid decrease in rate 
indicating passivation of the zirconium. The amorphous films 
present on the Zr surface at the termination of the runs were 
identified a s reconstituted nobl e metals. The initial rate 
increase was explained as being a result of increased cathodic 
areas in l ocal c el l s (as postulated in el ectrochemical dis-
solution). The subsequent decrease of reacti on rate was due t o 
the covering of the zirconium by the reconstituted metal , thus 
reducing the surface area available for reaction. 
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The effect of ~all additions of PtC14 , AgN03, and AuC13 on the 
potential of the zirconium electrode in hydrofluoric acid was investi-
gated. It was found that the potential of the Zr electrode diminished 
upon the addition of each of the noble-metal salts. The drop of 
potential was attributed to the formation of the protective film of 
reconstituted metal. 
The influence of temperature on the rate of reaction was deter-
mined by varying the temperature while holding all other variables 
constant. The reaction was studied in seven different HF concen-
trations (0.01, 0.025, 0.05, 0.10, 0.15, 0.2, 0.25 N) at temperatures 
of 30° C, 40° C, 50° C, and 60° C. The average activation energy 
required for the dissolution of zirconium in hydrofluoric acid was 
-1 found to be 3.8 Kcal. mole for these conditions. 
The difference effect on zirconium in hydrofluoric acid was 
studied. The quantitative results of this study could not be 
explained. It was concluded however, that the dissolution process 
was not a simple electrochemical phenomenon. 
A reaction mechanism for the dissolution process was postulated. 
The proposed mechanism consisted of: 
1. The dissolution of zirconium is initiated with the 
attack of (HF) on the protective layer of Zr02. 
2. Once free metal is exposed, the dissolution involves: 
(a) Zr + 4 (HF)~ Zr F4 + 2H2 
(b) Zr + 4H+~ zr+4 + 2H2 (electrochemical), 
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(c) Zr + 2H20 ~ Zr02 + 2H2 • 
3. Although (c) will predominate in all concentrations of 
hydrofluoric acid, there are acid concentrations where the 
effects of (a) and (b) must be considered. 
4. In HF concentrations where (a) and (b) may be 
neglected, the rate controlling step is. 
Zr02 + 4(HF) ~ZrF4 + 2H2o 
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VI. APPENDIX 
This appendix includes tables containing all data for the rate 
and potential measurements. 
Tables VI through X (pp. 88-92) contain the data obtained from the 
investigation: Influence of Hydrofluoric Acid Concentration on 
the Rate of Dissolution. 
Tables XI through XV (pp . 93-97) contain the data for the 
study : Effect of Salt Additions on the Rate of Dissolution . 
Tables XVI through XLIII (pp . 98-1 25) include the data for the 
experiment s on : The Influence of Temperature on the Rate of Dis-
solution -of Zirconium in Hydrofluoric Acid. 
Tables XLIV through L (pp . l26-l32)give the data for : The 
Difference Effect on Zirconium Di ssolution in Hydrofluoric Acid . 
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TABLE VI 
Dissolution of Zr in 0.10 N HF at 24°C 
------ ·----
(New PVC Apparatus) 
Time Chart Reading . LlP !1V Rate 
(Hinutes) (inches of water) (in. H20) (cc H2 at STP) (mm3 I cm2 min) 
0 .o 0 0 0 
10 0.6 0.6 1.01 101 
20 1.5 0.9 1.52 152* 
30 2.7 1-.2 2. 03 203* 
40 3. .. 4 0.7 1.18 118 
50 4.2 0. 8 1.35 135 
60 5. 0 0.8 1.35 135 
70 5.9 o. 9 1.52 152 
80 6.8 0.9 1.52 152 
90 7.7 0.9 1.52 152 
100 8.6 0 .9 1.52 152 
* Average maximum rate 178 mm3 1crn2 min. 
Dissolution of Zr in 0.20!! HF at 27°C 
Time Chart Reading . !1P !1V Rate 
(Minutes) (inches of water) (in. H2o) (cc H2 at STP) (mm3 I crn2 min ) 
0 3 .• 7 0 0 0 
10 5 .• 9 2. 2 3..70 370* 
20 8.3 2.4 4.04 404* 
30 10.6 2.3 3.87 387* 
40 13..0 2 .• 4 4.04 404* 
50 15.. 3 2.3 3.87 387* 
60 17.. 7 2.4 4.04 404* 
70 19.8 2.1 3..53 353 
80 21.9 2.1 3.53 353 
* Average maximum rate 393 mm3 I cm2 min. 
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TABLE VII 
Dissolution of Zr in 0.25 N HF at 34°C 
(New PVC Apparatus) 
Time Chart Reading - 6P 6.V Rate 
(Minutes) (inches of water) (in. H20) (cc H2 at STP) (rmn3 I cm.2 min) 
0 .o 0 0 0 
10 3.2 3 .• 2 5.26 526* 
20 6.5 3 .• 3 5.43 ' 543* 
30 9.7 3 . 2 5.26 526* 
40 13 .• 0 3. 3 5.43 543* 
50 16 .• 1 3 .• 1 5.10 510* 
60 19..1 3 .• 0 4.94 494* 
70 22-.1 3 .• 0 4. 94 494* 
80 25.1 3 .• 0 4-.94 494* 
90 28.1 3 .• 0 4.94 494* 
100 31. 0 2.9 4.77 477 
* Average maximum rat e 514 rnm3 / cm2 min. 
Dissolut i on of Zr in 0 .30 N HF at 27°C 
- - - ---- - --
Time Chart Reading - 6P 6.V Rate 
(Minutes) (inches of water) (in. H20 ) (cc H2 at STP) (mm3 /cm2 min) 
0 2. 0 - 0 0 0 
10 5.7 3.7 &.23 623 * 
20 9. .8 4.1 6.90 690* 
30 13 .• 4 3.6 &.06 606* 
40 1&.9 3.5 5.89 589* 
50 20.2 3-. 3 5. 55 555* 
60 23.2 3.0 5.05 505 
70 26. 0 2.8 4.71 471 
80 28.8 2.8 4.71 471 
90 31.1 2.3 3.87 387 















Dissolution of Zr in 0.4 N HF at 29°C 
----------
(New PVC Apparatus) 
Chart Reading L1P L1V 
(inches of water ) (in. H2o) (cc H2at srP) 
2.5 0 0 
8.5 6.0 10. 03 
14.9 6.4 10. 69. 
20.8 5.9 9..86 
26..4 5.6 9.36 
32.0 5..6 9.36 
37. 0 5. 0 8.36 
42 .• Q 5. 0 8. 36 
47. 0 5. . 0 8.36 
51 .8 4.8 8. 02 
*Average maximum rate 986 mm3 / am2 min. 
Dissolution of Zr in 0.5 ~ HF at 32°C 
Time Chart Reading . ~p ~v 
(Minut es ) (inches of water) (in. H20 ) (cc H2 at STP) 
0 . o . o 0 
10 8.6 8.6 14. 23 
20 16..8 8.2 13.57 
30 24.8 8.0 13.24 
40 32.1 7.3 12.08 
50 39.5 7. 4 12.25 
60 46. . 5 7.0 11.59 
70 53. 6 7 .• 1 11.75 
80 60. 6 7. 0 11 . 59 


























Di s solut i on of Zr i n 1 . 0 N HF at 30°C 
----------
(New PVC Apparatus) 
Time Chart Readi ng llP llV Rate 
(Minutes) (inches of wat er) (in. H2o) (cc H2 at srP) (mm3 / cm2 mi n ) 
0 . o .o . o 0 
5 ll. 8 11. 8 19.7 3. . 94xl03* 
10 23. . 1 11.3 18. 8· 3. 76xl 03 * 
15 33 .• 7 10.6 17.7 3.54xl03 * 
20 43. . 9 10.2 17. 0 3 .• 40xl o3* 
25 53.. 9 10. 0 16..7 3. 34xl03* 
30 63 .• 5 9. .6 16. 0 3. 20xl03* 
35 73 . 1 9. 6 16.0 3 . 20xl03* 
* Average maximum rat e 3.48xl03 mm3 / cm2 mi~. 
Dissolution of Zr in 1 . 5 N HF at 30°C 
----------
Time Chart Reading llP llV Rate 
(Minut es ) (inches of wat er ) (in . H20 ) (cc H2 at srP ) (mm3 / cm2 min ) 
0 0 . o 0 0 
5 25. 8 25.. 8 43 . 0 8. 60xl03* 
10 50. 8 25. 0 41 . 7 8.. 34xlo3 * 
15 75..8 25. 0 41.7 8. 34xl03* 
20 100. 6 24. 8 41 . 3 8. 26xl03* 
25 12 5>. 4 24 .• 8 4 . 13 8. 2 6xl0~ * 
30 150.1 24 .• 7 41. 2 8. 24xl0 * 
35 174.8 24.7 41.2 8. 24xl03* 
* Average maximum rate 8. 33xl03 rnm3 / crn.2 min. 
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TABLE X 
Dissolution of Zr in 2. 0 N HF at 23°C 
---------
(New PVC Apparatus) 
Chart Reading llP Time 
(Minutes) (inches of water) (in. H20) (cc 
. 0 
















105 .. 4 
* Average maximum rate 
0 
13 . 8 
14 ... 0 
13 . 7 
13.8 







23 .• 5 
23.9 
23 .• 4 
































7. 50 Sample dissolved before 7.5 min 
(cc 












(mm3 f cm2 min) 
. 0 
1 . 88xl04* 
1. 9lxl04* 
1. 87xl04* 






(rmn3 I cm2 min) 
0 
6. . 6 7* 
5. 74* 





The Effect of an Addition of 0 . 02 M LiF 
-----
on 
The Dissolution of Zr in 0 . 5 N HF at 27 °C 
----------
Time Chart Reading llP llV Rate 
(Minutes) (inches of water) (in .. H20) (cc H2 at STP) (rnm3 / cm2 min ) 
0 4 . 2 0 0 0 
10 12 . 0 7.8 13.13 " 1313 
20 20. 2 8. 2 13 . 80 1380 
30 28 . 2 8. 0 13.46 1346 
40 36 . 1 7.9 13.30 1330 
50 43.6 7. 5 12.62 1262 
60 51.2 7.6 12.79 1279 
Addition of 0 . 02 M LiF 
0 5. 1 1279 
10 13 . 9 8. 8 14.80 1480 
20 21.8 7.9 13.29 1329 
30 29. 0 7.2 12 . 11 1211 
40 36 . 3 7. 3 12 . 29 1229 
50 43 . 4 7 .. 1 11.94 1194 
60 50 .4 7. 0 11.77 1177 
70 57.2 6. 8 11 . 44 1144 
80 64. 0 6.8 11 . 44 1144 
90 70 . 9 6. 9 11.61 1161 
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TABLE XII 
The Effect of an Addition of 0 . 05 M LiF 
-----
on 
The Dissolution of Zr in 0 .5 N HF at 27 •c 
----------
Time Chart Reading f..P f..V Rate 
(Minutes) (inches of water) (in. H2o) (cc H2 at STP) (rrun3 fc:m2 min) 
0 3.2 0 0 0 
10 11.5 8.3 13.97 1397 
20 19.5 8. 0 13-.46 1346 
30 27.4 7. 9 13.29 1329 
40 35.1 7.7 12. 96 1296 
50 43-.1 8. 0 13.46 1346 
60 50 .4 7.3 12.28 1228 
Addit ion of 0 . 05 M LiF 
0 3- . 5 1228 
10 15. 0 11.5 19.34 1934 
20 25 . 3 10 .3 17.32 1732 
30 . 34.3 9. 0 15.14 1514 
40 42.3 8. 0 13.46 1346 
50 50 .1 7.8 13.12 1312 
60 58. 3 8.2 13-.79 1379 
70 66. 4 8.1 13.62 1362 
80 74.1 7.7 12.9 5 1295 
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TABLE XIII 
The Effect of ~Addition of 0.001 !:'! AgN03 
on 
The Dissolution of Zr in 0.5 N HF at 29°C 
----------
Time Chart Reading ~p ~v Rate 
(Minutes) (inches of water) (in. H20) (cc H2 at STP) (mm3/cm2 min) 
0 2.3 0 0 0 
10 10.4 8.1 13.54 1354 
20 19.0 8.6 14.38 1438 
30 27.5 8.5 14.21 1421 
40 35.5 8 .o 13.38 1338 
50 43.3 7.8 13.04 1304 
60 51.3 8 .o 13.38 1338 
Addition of 0.001 M AgN03 
0 2.9 1338 
10 10.6 7.7 12.87 1287 
20 17.2 6. 6 11.03 1103 
30 23.7 6.5 10.87 1087 
40 30 .2 6.5 10.87 1087 
50 36.7 6.5 10.87 1087 
60 43.1 6.4 10.70 1070 
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TABLE XIV 
The Effect of an Addition of 0. 001 !:1 AuCl3 
on 
The Dissolution of Zr in 0.5 N HF at 26°C 
----------
Time Chart Reading 11P 11V Rate 
(Minutes) (inches of water) (in. H20) (cc H2 at STP) (rrun3 /cm2 min) 
0 4.8 0 0 0 
10 13.1 8.3 14.02 1402 
20 21.5 8. 4 14.19 1419 
30 29.4 7.9 13.34 133'4 
40 37.1 7.7 13.00 1300 
50 45.1 8.0 13.51 1351 
60 52.8 7.7 13.00 1300 
Addition of 0 . 001 M AuCl3 
0 4.0 1300 
10 13. 0 9.0 15.19 1519 
20 20.7 7 .7 13.00 1300 
30 27.5 6 . 8 11.48 1148 
40 33.8 6 . 3 10.63 1063 
50 39.8 6.0 10.13 1013 
60 45.4 5.6 9.45 945 
70 50 .6 5 .2 8.78 878 
80 55 .7 5 .1 8.61 861 
90 60 .6 4 . 9 8.27 827 
100 65.4 4.8 8.10 810 
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TABLE X!V 
The Effect of ~Addition of 0.001 M PtC14 
on 
The Dissolution of Zr in 0.5 N HF at 28°C 
- ----------
Time Chart Reading L1P L1V Rate 
(Minutes) (inches of water} (in. H20) (cc H2 at srP) (nrrn3 I cm2 min) 
0 3.5 0 0 0 
10 12.5 9 .o 15.10 1510 
20 21.0 8.5 14.26 1426 
30 29.1 8.1 13.59 1359 
40 37 .o 7.9 13.26 1326 
50 45.0 8.0 13.42 1342 
60 52.7 7.7 12.92 1292 
Addition of 0 . 001 M PtC14 
0 2.8 1292 
10 11.0 8.2 13.76 1376 
20 15.1 4.1 6.88 688 
30 ' 16.6 1.5 2.52 252 
40 17.1 0.5 0.84 84 
50 17.4 0.3 0.50 50 
60 18.3 0.9 1.51 151 
70 19.9 1.6 2.68 268 
80 23.8 3.9 6.54 654 
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TABLE XVI 
Di ssolution of Zr in 0 . 01 N HF at 30°C 
-----------
Run No . l 
Average corrected pressure: 696 . 5 mm Hq 
Average room temperature: 
Time Volume H2 6V 
(Minutes) (cm3) (cm3) 
0 0 0 
20 o. 50 o. 50 
40 1. 00 0 . 50 
60 1.60 o. 60 
80 2. 10 o. 50 
100 2. 50 0 .40 
120 2. 90 0.40 
140 3 . 20 0 .30 
160 3 . 40 o. 20 
180 3 . 60 o. 20 
200 3 .70 0 . 10 
* Average maximum rate for fir st run: 19.7 mm3 / cm2 min . 
Run No . 2 
Average co rre cted pressure: 701.1 rmn Hq 
Average r oom temperature: 30 .0 °C 
Time Volume H2 6V (Minutes) (cm3) (cm3 ) 
0 0 0 
20 o. 20 o. 20 
40 o. 70 o. 50 
60 1 . 30 o. 60 
80 1 .70 0 .40 
100 2.10 0 . 40 
120 2.50 0 .40 
140 2.90 0 . 40 
160 3 . 20 0 .30 
180 3 .40 o. 20 
200 3 . 60 o. 20 
220 3 .70 0 .10 
* Average maximum rate for second run : 18 . 7 rmn3 / cm2 min . 







20 . 6* 
16.4* 
16.4* 
12 . 3 









16 . 6* 
16 . 6* 
16 . 6* 
16.6* 
12 . 5 
8. 29 
8.2 9 
4 . 16 
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TABLE XVII 
Dissolution of Zr in 0.01 !i_ HF at 40°C 
Run No. 1 
Average corrected pressure: 700.3 rnm Hq 










































* Average maximum rate for first run: 22.8 mm3fcm2 min. 
Run No. 2 
Average corrected pressure: 699.9 mm Hq 
Average r oom temperature: 
Time Volume H2 (~3) (Minutes) (cm3) 
0 0 0 
20 0.40 0 .40 
40 0 . 90 o. 50 
60 1.50 0 . 60 
80 2. 00 o. 50 
100 2.60 0 . 60 
120 3.00 0 .40 
140 3.40 0 .40 
160 3.80 0 .40 
180 4 . 00 0 .20 
200 4.20 0 . 20 
* Average maximum rate f or second run: 22.8 mm3fcm2 min. 
Average maximum rate f or both runs: 22.8 mm3 fcm2 min. 
Rate 




























Dissolution of Zr in 0 . 01 N HF at 50 °C 
-----------
Run No . l 
Average corrected pressure: 69 5. 4 mm Hq 
Average r oom temperature: 
Time Volume H2 flV (Minutes) (cm3) (cm3) 
0 0 0 
20 0. 60 0 .60 
40 1.30 o. 70 
60 2. 30 1. 00 
80 2.70 0 .40 
100 3.30 o. 60 
120 4 .10 0 .80 
140 4 . 50 0 .40 
160 4. 90 0 .40 
180 5. 50 0 .60 
200 5. 90 0 . 40 
*Aver age maximum rate for fi rst run: 28. 6 mm3 1cm2 min. 
Run No . 2 
Average corr ected pr essure : 699 .3 mm Hq 
Average r oom temper at ur e : 30. 9•c 
Time Volume H2 flV 
(Minut es) (cm3) (cm3) 
0 0 0 
20 0 .90 o. 90 
40 1 .70 o. 80 
60 2. 40 o. 70 
80 3.20 o. 80 
100 4 . 00 o. 80 
120 4 . 60 o. 60 
140 5.20 0 . 60 
160 5. 60 0 . 40 
180 6.00 0 . 40 
200 6 . 40 0 .40 
* Aver age maximum r ate for second run: 29 . 6 mm.3 f cm2 min . 
Aver age maximum rate fo r both runs : 29 . 1 rmn3 1cm2 min . 
Rate 




40 . 9* 
16 . 3* 
24. 5* 
32.7* 
16 . 3 
16 .3 
24. 5 
16 . 3 
Rate 







24 . 8* 
24.8* 
16 . 5 
16 . 5 
16 . 5 
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TABLE XIX 
Dissolution of Zr in 0.01 N HF at 60°C 
-----------
Run No. 1 
Average cor rected pr es sure: 694.7 mm Hq 
Average room temperatur e : 33.0°C 
Time Volume H2 l1V (Minutes ) ( cm3} (cm3} 
0 0 0 
20 0.80 0 . 80 
40 2. 00 1.20 
60 2.80 0 .80 
80 3. 80 1 . 00 
100 4.50 0 . 70 
120 5.30 0 .80 
140 5.90 0 . 60 
160 6. 30 0 . 40 
180 6. 60 0 .30 
* Average maximum rat e f or first run : 36 . 7 rnm3 / cm2 min . 
Run No . 2 
Average corrected pressure: 695 . 3 mrn Hq 
Average r oom temperature : 
Time Volume H2 l1V 
(Minutes) (cm3) (cm3) 
0 0 0 
20 0 . 70 0 . 70 
40 1. 70 1.00 
60 2.50 0 . 80 
80 3. 10 0 . 60 
100 3.90 0 . 80 
120 4. 80 0 . 90 
140 5.40 0 .60 
160 6.00 0 . 60 
180 6.40 0 .40 
*Average maximum r ate for s econd run: 33.5 rnm3 / cm2 min . 
Average maximum rat e for both runs: 35 .1 mm3 /cm2 min . 
Rate 
(rnrn3 / cm2 min ) 
0 
32 . 6 
49 . 0* 





16 . 3 
12 . 2 
Rate 
(mrn3 / cm2 min) 
0 
28.6 
40 . 9* 
32 . 7* 
24.5* 
32 . 7* 






Dissolution of Zr in 0.02S !!_ HF at 30°C 
Run No. 1 
Average corrected pressure: 70&.6 rnm Hq 
Average room temperature: 
Time Volume H2 (~rli3) (Minutes) (cm3) 
0 0 0 
10 0.60 0 .60 
20 1.20 0.60 
30 1.80 0.60 
40 2.20 0.40 
so 2.60 0 .40 
60 3.00 0 .40 
70 3.SO o. so 
80 4.00 o. so 
90 4.60 0 .60 
100 S.lO o. so 
110 s. 60 o.so 
120 6.10 o. so 
*Average maximum rate for first run: 42.5 mm3Jcm2 min. 
Run No. 2 
Average corrected pressure: 701 .3 mm Hq 
Average r oom temperature: 
Time Volume H2 t:.V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 0 .60 0 . 60 
20 1.20 0.60 
30 1.80 0 .60 
40 2.40 0 .60 
so 3.00 0 .60 
60 3.40 0 .40 
70 4.00 o. 60 
80 4.60 0 .60 
90 S.20 0 .60 
100 S.60 0 .40 
110 6.20 0.60 
120 6.SO 0.30 
* Average maximum rate for second run: 47.9 mm3/cm2 min. 
Average maximum rate for both runs: 4S. 2 mm3 Jcm.2 min. 
Rate 































Di ssolution of Zr in 0 . 025 N HF at 40°C 
----------
Run No. 1 
Average correct ed pr essure : 707.7 mm Hq 
Aver age r oom temperatur e : 
Time Vol ume H2 11V 
(Minutes) (cm3 ) (cm3 ) 
0 0 0 
10 0.9 0 . 90 
20 1 .70 0.80 
30 2. 40 o. 70 
40 3 . 00 0 . 60 
50 3.50 0.50 
60 4.20 o. 70 
70 4.60 0 . 40 
80 5. 20 0 . 60 
90 5. 80 0 . 60 
100 6. 40 0 .60 
110 7 .oo 0 . 60 
120 7. 50 o. 50 
*Average maximum rate f or first run : 56 . 2 mm3 fcm2 min. 
Run No. 2 
Average corrected pressure : 705 . 9 rnm Hq 
Average r oom temperature: 
Time Volume H2 11V 
(Minutes) (cm3 ) (cm3) 
0 0 0 
10 0 . 80 0 . 80 
20 1.60 0 . 80 
30 2.20 0 . 60 
40 3. 00 0 . 80 
50 3 . 80 0 . 80 
60 4.40 0 . 60 
70 5. 00 0 . 60 
80 5.40 0 . 40 
90 6. 20 0 .80 
100 6.60 0 . 40 
110 7.20 0 . 60 
120 7. 60 0.40 
* Average maximum r ate for second run : 59 . 3 mm3 fcm2 min . 
Average maximum rate for both runs: 57.8 mm3 / cm2 min. 
Rate 
(mm3 / cm2 min ) 
0 
76.6 
68 . 1* 
59. 6* 
51. 1* 
42 . 6* 
59.6* 
34 . 0 
51 . 1 
51 . 1 
51 . 1 
51 . 1 
42 . 6 
Rate 
(mm3 l cm2 min) 
0 
67 . 8 
67 . 8* 
50 . 8* 
67.8* 
67 .• 8* 
50. 8* 
50.8* 
33 . 9 
67 . 8 
33 . 9 
50.8 
33 . 9 
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TABLE XXII 
Dis solution of Zr in 0.025 !:! HF at 50°C 
Run No. l 
Average corrected pressure: 707.7 rom Hq 
Average r oom temperature: 
Time Volume H2 !::.V (Minutes) (cm3) (cm3) 
0 0 0 
10 0 .80 0 .80 
20 1.70 o. 90 
30 3 .00 1.30 
40 4.00 1 . 00 
50 4.80 o. 80 
60 5. 20 0 .40 
80 6.00 o. 80 
90 6.80 0 .80 
100 7. 60 o. 80 
110 8.60 1 . 00 
120 9.40 0 .80 
* Average maximum rate f or first run: 73.1 mm31cm2 min . 
Run No. 2 
Average corrected pressure: 705.8 mm Hq 
Average r oom temperature : 
Time Volume H2 !::.V 
(Minutes ) (cm3) (cm3) 
0 0 0 
10 0 .80 0 .80 
20 1 .80 1 . 00 
30 2.60 o. 80 
40 3 . 60 1 . 00 
50 4 . 40 0 .80 
60 5.20 0 . 80 
70 5.80 o. 60 
80 6. 60 0 . 80 
90 7.20 0 . 60 
100 8 .00 0 . 80 
110 8.50 0 .50 
120 9.20 0 .70 
Rate 
(rnm3 I cm2 min) 
0 
68 . 0 
76 . 5* 
110.5* 
85.0* 
68 . 0* 
34 . 0* 
68.0* 
68.0* 














50 . 8 
67 . 8 
42 .4 
59 . 3 
*Aver age maximum rate for second run : 74 . 6 mm3 1cm2 min . 
Average maxDnum rate f or both runs : 73.9 mm3 1cm2 min . 
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TABLE XXIII 
Dissolution of Zr in 0.025 ~ HF at 60°C 
Run No . 1 
Average corrected pressure: 697.5 mm Hq 
Average room temperature : 27.8°C 
Time Volume H2 !::.V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 1.10 1.10 
20 2. 30 1.20 
30 3.30 1.00 
40 . 4.20 0.90 
50 5.20 1.00 
60 6.20 1.00 
70 6.80 0 .60 
80 7.60 o. 80 
90 8.50 0 .90 
100 9.00 o. 50 
110 9. 60 0.60 
120 10.50 o. 90 
* Average maximum rate f or first run: 85.0 mm31cm2 min. 
Run No . 2 
Average corrected pressure: 700 .7 mm Hq 
Average r oom temperature: 
Time Volume H2 !::.V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 0 .60 0 .60 
20 1. 60 1. 00 
30 2.80 1.20 
40 3.80 1.00 
50 4.60 o. 80 
60 5.20 0 . 60 
70 6.30 1.10 
80 7. 30 1. 00 
90 7.80 o. 50 
100 8.40 0 . 60 
110 8.80 0 .40 
120 9.20 0 .40 
* Average maximum rate f or second run: 80 . 0 mm31cm2 min . 
Average maximum r ate f or both runs: 82.5 mm3Jcm2 min . 
Rate 




83 . 3* 








75 . 0 
Rate 
















Dissolution of Zr in 0.05 !!_ HF at 30°C 
Run No. 1 
Average corrected pressure: 707.1 mm Hq 
Average r oom temperature: 
Time Volume H2 6V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 1.20 1. 20 
20 2.60 1.40 
30 3 .80 1.20 
40 5. 00 1.20 
50 6.20 1.20 
60 7. 30 1.10 
70 8. 60 1.30 
80 9.80 1.20 
90 10 .80 1. 00 
100 12 . 80 1. 00 
110 13 .80 1 . 00 
* Average maximum rat e for fi rst run: 104 rnm3/cm2 min. 
Run No. 2 
Average correct ed pressure: 705 .9 mm Hq 
Average r oom temperature: 
Time Volume H2 6V (Minutes) (cm3) (cm3) 
0 0 0 
10 o. 80 0 .80 
20 2.00 1.20 
30 3.20 1 .20 
40 4 .20 1.00 
50 5 .20 1 . 00 
60 6 .20 1. 00 
70 7.10 o. 90 
80 8.20 1.10 
90 9.20 1. 00 
100 10.20 1.00 
110 11.30 1.10 
120 12.20 o. 90 
*Average maximum r ate f or second run: 91 . 9 mm3Jcm2 min. 
Average maximum r ate for both runs: 98. 0 rnm3/cm2 min . 
Rate 






























Dissolution of Zr in 0.05 rr HF 40°C 
Run No. l 
Average corrected pressure: 702.5 rnm Hq 
Average room temperature: 
Time Volume H2 11V (Minutes) (cm3) (cm3 ) 
0 0 0 
10 1.50 1.50 
20 2.90 1.40 
30 4 . 20 1.30 
40 5.40 1.20 
50 7.20 1.80 
60 8.80 1.60 
70 10.20 1.40 
80 11.50 1. 30 
90 12.90 1.40 
100 14.20 1.30 
110 15.40 1.20 
120 16.80 1.40 
* Average maximum rate for first run: 119 mm3/cm2 min. 
Run No. 2 
Average co rrected pressure: 697.9 mm Hq 
Average room temperature: 
Time Volume H2 11V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 1.30 1. 30 
20 3.00 1.70 
30 4. 30 1.30 
40 6. 00 1.70 
50 7.70 1.70 
60 9.30 1.60 
70 10.90 1.60 
80 12 .30 1.40 
90 13.90 1. 60 
100 15.20 1 .30 
110 16.60 1.40 
120 18.10 1.50 
* Average maximum rate for second nm: 134 mm3/cm2 mi n. 
Average maximum rate for both nms: 127 mm3 /cm2 min. 
Rate 































Dissolution of Zr in 0 . 05 N HF at 50°C 
-----------
Run No. l 
Average corrected pressure: 706.4 rnm Hq 
Average r oom temperature: 
Time Volume H2 D.V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 2.60 2.60 
20 5. 00 2.40 
30 7. 00 2.00 
40 8. 30 1.30 
50 10 .40 2.10 
60 12 . 00 1.60 
70 14 . 00 2. 00 
80 16.20 2.20 
90 18.20 2.00 
100 19.40 1.20 
110 20.80 1.40 
120 22.80 2. 00 
*Average maximum rate f or first run: 164 mm3 / cm2 min. 
Run No. 2 
Average corrected pressure : 702.3 rnm Hq 
Average room temperature : 
Time Volume H2 D.V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 2.00 2. 00 
20 4 .20 2.20 
30 6. 60 2.40 
40 8.60 2. 00 
50 10 . 80 2.20 
60 12.40 1.60 
70 14 .80 2 .40 
80 16 .40 1. 60 
90 17 . 80 1 .40 
100 19 .40 1 . 60 
110 20 . 90 1.50 
120 22.60 1.70 
* Average maximum rate f or second run: 179 mm3 / cm2 min . 
Average maximum rate f or both runs: 172 mrn3 / cm2 min . 
Ratz 































Dissolution of Zr in 0 . 05 N HF at 60 °C 
----------
Run No . l 
Average corrected pressure: 704 . 6 mm Hq 
Average r oom temperature: 29.l°C 
Time Volume H2 /1V 
(Minutes) (cm3} (cm3 ) 
0 0 0 
10 2.20 2.20 
20 4 . 60 2.40 
30 7.40 2.80 
40 9.80 2.40 
50 12.20 2.40 
60 14. 00 1.80 
70 16 . 00 2. 00 
80 18 . 20 2.20 
90 20 .00 1.80 
100 21.70 1 .70 
110 23.80 2. 10 
120 25.80 2. 00 
* Average maximum rate f or fir st run: 192 rnm3 f cm2 min. 
Run No . 2 
Average corrected pressure : 704 . 0 mm Hq 
Average r oom temperature: 
Time Volume H2 /1V 
(Minutes) (cm3) (cm3 ) 
0 0 0 
10 2.40 2.40 
20 5.20 2.80 
30 7.80 2. 60 
40 11 . 00 3.20 
50 14.40 3.40 
60 17. 00 2.60 
70 19. 40 2 . 40 
80 21.50 2 . 10 
90 23 . 40 1.90 
100 25.30 1.90 
110 26 . 50 1.20 
120 28 . 00 1 . 50 
* Average maximum rat e f or second run : 237 mm3 fcm2 min . 

































Dissolution of Zr in 0 . 10 N HF at 30°C 
-----------
Run No. 1 
Average corrected pressure: 707.2 mm Hq 
Aver age r oom temperature: 
Time Volume H2 /1V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 1.40 1.40 
20 3.60 2.20 
30 5. 80 2.20 
40 8. 00 2.20 
50 10 .20 2.20 
60 12 . 40 2.20 
70 14 . 60 2 . 20 
80 16 . 60 2.00 
90 18.40 1 .80 
100 20 .30 1 . 90 
110 22.20 1 . 90 
120 24.00 1.80 
* Average maximum rat e f or first run : 186 mm3/cm2 min. 
Run No . 2 
Average corrected pressure: 703 . 5 rnm Hq 
Average r oom temperature: 
Time Volume H2 /1V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 1.90 1 . 90 
20 4 .20 2 . 30 
30 6.40 2.20 
40 8.60 2 . 20 
50 10. 80 2 . 20 
60 13. 00 2.20 
70 15 . 00 2 . 00 
80 17 . ()() 2. 00 
90 19.20 2.20 
100 21 . 20 2. 00 
110 23.00 1.80 
120 24.60 1 . 60 
* Average maximum rat e f or second run: 187 mm3 j cm2 min . 
Average maximum rat e f or both runs : 187 mm3/cm2 min . 
Rate 































Dissolution of Zr in 0 .10 N HF at 40 °C 
Run No . 1 
Average corrected pressure: 697.1 mm Hq 
Average room temperature: 
Time Volume H2 /1V (Minutes) (crn3) (cm3 ) 
0 0 0 
10 2. 00 2. 00 
20 s.oo 3 . 00 
30 7. 80 2.80 
40 10.20 2.40 
so 12 . 80 2.60 
60 15 . 80 3 . 00 
70 18 . 00 2.20 
80 20. 40 2.40 
90 22 .20 1.80 
100 24 . 60 2.40 
110 26 . 80 2.20 
120 29 .00 2.20 
*Average maximum rate for first run: 225 mm3 f cm2 min . 
Run No . 2 
Average corrected pressure : 711.5 mm Hq 
Average room temperature : 26 . 1•c 
Time Volume H2 /1V 
(Minutes} (cm3) (cm3 ) 
0 0 0 
10 1 . 80 1 .80 
20 4 . 60 2. 80 
30 7.40 2.80 
40 9. 80 2 .40 
50 12 . 40 2.60 
60 15 . 00 2.60 
70 17 .40 2 . 40 
80 19 . 60 2 . 20 
90 21 . 80 2 . 20 
100 24 .00 2 . 20 
110 26 . 20 2 . 20 
120 28a40 2 . 20 
* Average maximum rate for second run : 214 mm.3 1cm2 min . 
Average maximum rate for both runs : 220 mm3 1cm2 min . 
Rate 































Dissolution of Zr in 0 .10 N HF at 50°C 
Run No. 1 
Average corrected pressure : 706.2 mm Hq 
Average room temperature : 
Time Volums H2 llV 
(Minutes) (em ) (cm3) 
0 0 0 
10 4 .40 4.40 
20 10. 50 6 .10 
30 14 . 00 3 . 50 
40 17.40 3 . 40 
50 20 .60 3 . 20 
60 23 .70 3 .10 
70 26.60 2. 90 
80 29.20 2.60 
90 32 . 00 2. 80 
100 34.60 2.60 
110 37. 00 2.40 
* Average maximum rate for first run: 271 mm3 l cm2 min . 
Run No . 2 
Average corrected pressure: 713 . 9 rrrrn Hq 
Average room temperature : 25.3°C 
Time Volume H2 /1V (Minutes) (cm3) (cm3) 
0 0 0 
10 3 . 20 3 .20 
20 6.60 3 .40 
30 9. 70 3.10 
40 12 .80 3 . 10 
50 15 . 90 3.10 
60 18.30 2.40 
70 20 . 60 2 . 30 
80 22 . 80 2 . 20 
90 24 . 60 1 . 80 
100 26 . 20 1 . 60 
110 27 . 80 1 . 60 
* Average maximum rate for second run : 273 mm31cm2 min . 
Average maximum rate for both runs: 272 mm3 1cm2 min . 
Rate 





























Dissolution of Zr in 0 .10 N HF at 60•c 
Run No . l 
Average corrected pressure: 709.2 mm Hq 
Average room temperature: 
Time Volume H2 D.V (Minutes) (cm3) (cm3) 
0 0 0 
10 4.00 4 . 00 
.20 8.40 4.40 
30 12.70 4.30 
40 17.20 4.50 
50 21.10 3.90 
60 25.10 4.00 
70 28.90 3.80 
80 32.80 3.90 
90 36.40 3.60 
100 39 . 80 3.40 
110 43.10 3. 30 
120 46.10 3. 00 
*Average maximum rate f or first run: 348 mm3fcm2 min . 
Run No. 2 
Average corrected pressure: 703. 8 mm Hq 
Average room temperature: 
Time Volume H2 D.V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 4.80 4.80 
20 9.50 4.70 
30 14 . 00 4.50 
40 18.90 4.90 
50 22.60 3.70 
60 26. 00 3 .40 
70 29.30 3.30 
80 32.40 3 .10 
90 35 .20 2.80 
100 38.30 3.10 
110 41.00 2.70 
120 43.60 2.60 
* Average maximum rate f or second run: 341 rnrn3 I cm2 min . 
Average maximum rate for both runs: 34 5 mm3 /cm2 min . 
Rate 































Dissolution of Zr in 0.15 N HF at 30°C 
-------------
Run No. l 
Average corrected pressure: 697 . 0 mm Hq 
Average room temperature : 
Time Volume H2 b.V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 3.50 3 . 50 
20 7.20 3. 70 
30 10,80 3.60 
40 14 . 10 3.30 
50 17.40 3.30 
60 20.40 3.00 
70 23.30 2. 90 
80 26 . 00 2 . 70 
90 28.50 2.50 
100 31.10 2.60 
110 35.50 2.40 
*Average maximum rate for first run : 287 mm3 /cm2 min. 
Run No. 2 
Average corrected pressure: 698.2 mrn Hq 
Average r oom temperature : 
Time Volume H2 b.V 
(Minutes) (cm3) (cm3} 
0 0 0 
10 3. 20 3. 20 
20 7.00 3 . 80 
30 10.50 3.50 
40 13.80 3.30 
50 17.00 3. 20 
60 19.80 2 . 80 
70 23.50 2.70 
80 25 . 00 2.50 
90 27.40 2.40 
*Average maximum rate for second run: 281 mm3/crn2 min . 
Average maximum rate for both runs: 284 mm3 fcm 2 min . 
Rate 


























TABLE XXXI I I 
Di s solution of Zr in 0 . 15 N HF at 40°C 
-----------
Run No . 1 
Average corrected pr e s sur e : 700 . 1 mm Hq 
Average room temperatur e : 
Time Volums H2 /:.V (Minutes ) (em ) (cm3 ) 
0 0 0 
10 3 . 80 3 . 80 
20 8 . 60 4 . 80 
30 12.60 4 . 00 
40 17 . 00 4 . 40 
50 21.00 4 . 00 
60 24 . 70 3.70 
70 28 . 20 3 . 50 
80 31 . 60 3 . 40 
90 34 . 80 3.20 
100 37 . 80 3.00 
110 40 . 40 2 . 60 
120 43 . 00 2.60 
*Average maximum rate for first run : 349 mm3/cm2 min . 
Run No . 2 
Average corrected pressure : 699 . 2 mm Hq 
Average room temperature : 
Time Volume H2 /:.V 
(Minutes) (cm3 ) (cm3) 
0 0 0 
10 4 . 10 4 . 10 
20 8.40 4 . 30 
30 13 . 00 4 . 60 
40 17 . 60 4 . 60 
50 21 . 60 4. 00 
60 25 . 40 3 . 80 
70 29 . 10 3.70 
80 32 . 60 3.50 
90 36 . 10 3 . 50 
100 39 . 50 3 .40 
* Average maximum rate for second run: 358 mm3 / cm2 min . 
Average maximum rate fo r both runs : 353 mm3 fcm2 min . 
Rate 





























Dissolution of Zr in 0.15 N HF at 50°C 
Run No. 1 
Average corrected pressure: 696.3 rnm Hq 
Average room temperature: 
Time Volume H2 t:.V 
(Hinutes) (cm3} (cm3 ) 
0 0 0 
10 6.80 6.80 
20 12.80 6.00 
30 17.40 4.60 
40 22.00 4 .60 
50 26.80 4.80 
60 31 .20 4.40 
70 35.00 3.80 
80 39. 00 4.00 
90 42.80 3 . 80 
100 46.60 3.80 
110 50 . 00 3.40 
* Average maximum rate f or first run: 430 mm3fcm2 min . 
Run No . 2 
Average corrected pressure: 697.6 mm Hq 
Average r oom temperature : 
Time Volume H2 t:.V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 5.20 5.20 
20 12.20 7.00 
30 17.00 4.80 
40 21.40 4.40 
50 25.80 4.40 
60 30 . 00 4. 20 
70 34 . 00 4. 00 
80 37.60 3 . 60 
90 41 .20 3 . 60 
100 44 . 70 3 . 50 
110 48 . 10 3 .40 
* Average maximum rate f or s econd run: 427 mm3fcm2 min . 
Average maximum rate f or both runs: 428 mm3 /cm2 min. 
Rate 





























Di ssolution of Zr in 0 .15 _N HF at 60 °C 
Run No . 1 
Average corrected pressure: 696.9 rnm Hq 
Average room temperature: 3l.2°C 
Time Volume H2 6.V Rate (Minutes) (cm3) (cm3) (mm3 / cm2 min) 
0 0 0 0 
10 6. 00 6.00 494* 
20 12.40 6.40 527* 
30 18.80 6.40 527* 
40 24.80 6. 00 494* 
50 30 .80 6 .00 494* 
60 35.80 5. 00 412 
70 40 .80 5.00 412 
80 45.80 5.00 412 
90 so. 20 4.40 362 
* Average maximum rate for first run : 507 rrun3 fcm.2 min . 
Run No. 2 
Average corrected pressure : 695.0 rom Hq 
Average room temperature: 3l.6°C 
Time Volume H2 /1V Rate 
(Minutes) (cm3) (cm3) (rrun3 I cm2 min J 
0 0 0 0 
10 6.20 6.20 508* 
20 13.20 7 .oo 574* 
30 20 . 00 6 . 80 558* 
40 25.80 5.80 476* 
50 31 . 40 5.60 459* 
60 36 . 90 5.50 451* 
70 41.90 5. 00 410 
80 46.90 s.oo 410 
90 51 . 50 4 .60 377 
100 55 .90 4.40 361 
* Average maximum rate f or second run: 504 mrn3 I cm.2 min . 
Average maximum rate f or both runs : 506 mm.31cm.2 min . 
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TABLE XXXVI 
Dissolution of Zr in 0.20 !! HF at 30 °C 
Run No. l 
Average cor r ected pr essure: 70 2. 3 rum Hq 
Average room temperature: 29.8 •C 
Time Volume H2 11V Rate 
(Mi nutes) (cm3) (cm3) (rnm3 / cm2 min) 
0 0 0 0 
10 4. 50 4.50 375* 
20 9.30 4.80 400* 
30 13.90 4 . 60 383* 
40 18.60 4.70 392* 
50 23.00 4.40 367* 
60 27 . 00 4. 00 333 
70 30 .80 3.80 317 
80 34.40 3.60 300 
90 38.80 3.60 300 
100 41.50 3. 50 292 
* Average maximum rate for first nm : 383 mm3 / cm2 min. 
Run No. 2 
Average corrected pressure : 698.6 mm Hq 
Average room t emperature: 30 . 8°C 
Time Volume H2 b.V Rate 
(Minutes) (cm3} (cm3} (mm3 / cm2 min) 
0 0 0 0 
10 4.70 4.70 388* 
20 9.60 4. 90 405* 
30 14.40 4.80 397* 
40 19 . 00 4.60 380* 
50 23.50 4.50 372* 
60 27.60 4.10 339 
70 31.50 3. 90 322 
80 35 . 20 3.70 306 
90 39 . 00 3.80 314 
100 42.60 3.60 297 
* Average maximum rate for second run : 388 nnn3 I cm2 min . 
Average maximum rate for both runs : 386 mm3fcm2 min . 
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TABLE XXXVI I 
Dissolution of Zr in 0 .20 _!! HF at 40°C 
Run No. l 
Average corrected pressure: 707.3 mm Hq 
Average r oom temperature: 27.6 •C 
Time Volume H2 ~v Rate 
(Minutes) (cm3) (cm3) (rmn3 /cm2 min) 
0 0 0 0 
10 5.50 5.50 465* 
20 11.20 5.70 481* 
30 16.80 5.60 473* 
40 22.40 5.60 473* 
50 27.90 5.50 465* 
60 32.90 5. 00 423 
70 37.70 4.80 406 
80 42.40 4.70 397 
90 47.20 4.80 406 
100 51.70 4.50 380 
110 56 .10 4.40 372 
* Average maximum rate f or first run: 472 nrrn3/cm2 min. 
Run No . 2 
Average corrected pressure: 702.2 rnm Hq 
Average room temperature : 29.6°C 
Time Volume H2 ~v Rate 
(Minutes) ( crn3) (cm3) (rmn3 I cm2 min) 
0 0 0 0 
10 5.60 5.60 467* 
20 11.30 5.70 475* 
30 16.90 5.60 467* 
40 22.60 5.70 475* 
50 28. 00 5.40 450* 
60 33.10 5.10 425 
70 37.90 4.80 400 
80 42.50 4.60 384 
90 47 . 00 4.50 375 
100 51 . 20 4.20 350 
* Average maximum rate for second run: 467 mm3 / cm2 min . 
Average maximum rate for both runs: 470 mm3 f cm2 min. 
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TABLE XXXVI II 
Di ssolution of Zr in 0 .20 N HF at 50°C 
---- - - -----
Run No . 1 
Average corrected pressure: 695.0 mm Hq 
Average r oom temperature: 
Time Volume H2 /1V 
(Minut es} (cm3) (cm3} 
0 0 0 
10 7.00 7.00 
20 14 .00 7.00 
30 21.10 7.10 
40 28.00 6. 90 
50 34.90 6.90 
60 41.60 6. 70 
70 48.10 6.50 
80 54 .70 6 . 60 
90 61 . 10 6 . 40 
100 67.40 6 . 30 
110 73 . 70 6.30 
*Average maximum rate for first run : 572 mm3 / cm2 min . 
Run No . 2 
Aver age corrected pressure : 698 . 1 mm Hq 
Average room temperature : 29 . 8•C 
Time Volume H2 11V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 6 . 90 6. 90 
20 14 . 10 7.20 
30 21 . 10 7 . 00 
40 27 . 90 6 . 80 
50 34 . 80 6. 90 
60 41 . 90 6. 60 
70 47 . 90 6. 50 
80 54 . 20 6.30 
90 60 . 30 6. 10 
* Average maximum r ate f or second run : 576 nnn3 / cm2 min . 
Average maximum r ate f or both runs : 574 rmn3 / cm2 min . 
Rate 



























Dissolution of Zr in 0.20! HF at 60•C 
Rnn No. l 
Average corrected pressure: 698.3 rnm Hq 
Average room temperature: 
Time Volume H2 llV (Minutes) (cm3} (cm3) 
0 0 0 
10 8.40 8.40 
20 16 . 60 8. 20 
30 24. 90 8.30 
40 23.10 8.20 
50 41 .30 8.20 
60 49 . 30 8 . (X) 
70 57 .10 7.80 
80 64 .70 7.60 
90 72.20 7.50 
100 79.50 7.30 
110 86.60 7.10 
* Average maxDnum rate for first run: 681 mm3 j cm2 min . 
Run No . 2 
Average corr ected pr essure : 70 3 . 3 mm Hq 
Average r oom temperature : 30. 6°C 
Time Volume H2 (Minutes) (cm3) 
0 0 
10 8 .20 
20 16 . 60 
30 24 . 90 
40 33 . 00 
50 41 . 00 
60 48 . 80 
70 56 .60 
80 64 . 20 






8 . 30 
8.10 




7 . 30 
* Average maximum rat e for second run : 682 mm3 1cm2 min . 
Average maxDnum rate f or both runs : 682 mm3 l cm2 min. 
Rate 



























Di ssolution of Zr in 0.25 B_ HF at 30 • C 
Run No. l 
Average corrected pressure: 699 . 1 rom Hq 
Average room temperature: 30. 2•c 
Time Vo1mne H2 !1V (Minutes) (cm3) (cm3) 
0 0 0 
10 6.00 6.00 
20 12 .40 6.40 
30 18.70 6.30 
40 24.70 6.00 
50 30.70 6.00 
60 36.50 5.80 
70 42.00 5.50 
80 47.40 5.40 
90 52 .70 5.30 
100 57 . 90 5.20 
110 63.00 5.10 
120 68.00 5. 00 
* Average maximum rate f or first run : 506 mm3 j cm2 min. 
Run No. 2 
Average corrected pressure: 700 . 7 rom Hq 
Average room temperature: 
Time Volmne H2 !1V (Minutes) (cm3} (cm3} 
0 0 0 
10 6.20 6.20 
20 12.60 6.40 
30 19 . 00 6 . 40 
40 25. 00 6.00 
50 30 . 90 5. 90 
60 36 .70 5 .80 
70 42 . 00 5. 30 
80 47.20 5. 20 
90 52 . 40 5.20 
100 57.40 5. 00 
110 62 .20 4.80 
*Average maximum rate for second run: 508 mm3 / cm2 min . 
Average maximum rate f or both runs: 507 mm3 /cm2 min. 
Rate 






























Dissolution of Zr in 0 .25!:! HF at 40•c 
Run No. l 
Average corrected pressure: 708.8 mm Hq 
Average r oom temperature: 
Time Volume H2 llV 
(Minutes) (cm3) (cm3) 
0 0 0 
10 7.60 7.60 
20 16.00 8.40 
30 23.60 7.60 
40 30.60 7.00 
50 37.60 7.00 
60 44.40 6 .80 
70 50.80 6.40 
80 56 .80 6 . 00 
90 62 . 60 5 .80 
100 68.40 5.80 
110 73.80 5.40 
*Average maxLnum r ate for first run: 626 mm3 fcm2 min. 
Run No . 2 
Average corr ected pressure: 705 . 5 mm Hq 
Average r oom temperature: 28 .2 •C 




20 16 .. 60 
30 24 .80 
40 32 . 50 
50 39.70 
60 46.70 
70 53 . 40 
80 59 .70 















* Average maximum rate f or second run: 633 mm3 /cm2 min . 
Aver age maximmn rate for both runs: 629 mm3 / cm2 min . 
Rate 




























Dissolution of Zr in 0 .25 H HF at 50°C 
Run No. l 
Average corrected pressure: 706 .8 rnm Hq 
Average r oom temperature: 
Time Volume H2 l:lV 
(Minutes) (cm3) (cm3) 
0 0 0 
10 9.40 9.40 
20 20 .10 10 .70 
30 29.60 9.50 
40 38.80 9.20 
50 47.60 8.80 
60 55.80 8.20 
70 63.80 8.00 
80 71.20 7.40 
90 78.60 7.40 
100 85 .80 7. 00 
*Average maximum rate f or first run: 80 5 mm3 / cm2 min. 
Run No . 2 
Average corrected pressure: 70 9.8 rum Hq 
Average r oom temperature: 
Time Volume H2 ~v 
(Minutes) (cm3) (cm3) 
0 0 0 
10 9.80 9.80 
20 21.20 11.40 
30 30. 40 9.20 
40 39.40 9.00 
50 48 .20 8..80 
60 56 .60 8.40 
70 64.80 8.20 
80 72.80 8. 00 
90 80 . 40 7.60 
100 87 . 60 7.20 
*Average maximum rate for second run: 804 mm3/cm2 min. 
Average maximum rat e f or both runs: 804 mm3 / cm2 min . 
Rate 



























Di ssolution of Zr in 0 .25 l! HF at 60 •c 
Run No. 1 
Average corrected pressure: 705.4 mm Hq 
Average r oom temperature: 
Time Volume H2 /1V 
(Minutes) (cm3) (cm3) 
0 0 0 
10 12.00 12.00 
20 24.40 12-.40 
30 34.70 10.30 
40 44.20 9.50 
50 53 .60 9.40 
60 63 . 00 9.40 
70 71.50 8.50 
80 79.40 7.90 
90 87.40 8.00 
100 94.90 7.50 
*Average maximum rate for first run: 897 mm31cm2 min. 
Run No . 2 
Average corrected pressure: 70 6.5 mm Hq 
Average r oom temperature: 
Time Volume H2 /1V (Minutes) (cm3) (cm3 ) 
0 0 0 
10 13.20 13.20 
20 25. 00 11.80 
30 35.80 10 .80 
40 46.40 10 .60 
50 56. 00 9 .60 
60 65 . 60 9 .60 
70 75.00 9.40 
80 83 .80 8.80 
90 91 .80 8 . 00 
100 99 . 90 8.10 
* Average maximum rate for second run : 924 rrrm3 1cm2 min. 
Average maximum rate for both runs: 911 mm3 1cm2 min . 
Rate 
(mm3 I cm2 min) 
0 
1.01 X 103* 










(mm3 I cm2 min) 
0 












Difference Effect on Zr in 0.15 N HF at 25°C 
----- ·-----
Average corrected Pressure: 709.2 rnm Hq 
Average Room Temperature: 28.5°C 
Time Vo1mne H2 /:.V Corrected Rate I (Minutes) (cm3) (cm3) /:.V (mm3 f cm2 min) (ma / cm2) 
0 3 .• 00 
10 4.80 1.80 1.52 152 
20 6. . 80 2. 00 1.69 169 
30 9.20 2.40 2.03 203 
40 11.60 2.40 2. 03 203 *7.5 
50 13.70 2.10 1.77 177 *7.5 
60 15.80 2.10 1.77 177 *7.4 
70 18. 00 2.20 1.85 185 
80 20.00 2. 00 l. 69 169 
90 21.80 1.80 1. 52 152 s. o 
100 23.70 1. 90 1.60 160 5. 0 
110 26.. 20 2. 50 2. 11 211 
120 29. 00 2. 80 2. 36 236 
13 0 31.40 2 .• 40 2.03 203 
140 33.80 2.40 2. 03 203 2. 5 
150 36 . 30 2.50 2.11 211 2. 5 
160 38.60 2.3 0 1. 94 194 
170 41 . 00 2.40 2. 03 203 
180 43.3 0 2.30 1.94 194 *8.9 
190 45 . 30 2. 00 1. 69 169 *9. 0 
200 47.20 1.90 1.60 160 *8.9 
21 0 49.40 2.20 1.85 185 
220 51 .70 2.3 0 1. 94 194 
230 53 .80 2.10 1.77 177 5. 0 
* Maximmn readings (at no resistanc e ). 
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TABLE XLV 
Diff erence Eff ect on Zr in 0.2 N.HF at 25°C 
--- - -------
Surface a r ea of sample wa s increased f r om l cm2 t o 3 .8 cm2 for thi s r un . 
Average corrected pressure: 702 •. 3 rum Hq 
Aver ag e r oom t emper atur e : 29.8°C 
Time Vol ume H2 D.V Cor rected Rate I (Minutes) (cm3 ) (cm3 ) !J.V (mm3/cm2 min ) (ma /cm2) 
0 2. 60 
10 9. 80 7.20 5 .• 99 158 
20 l 'Z . l O 7. 30 6.. 08 160 
30 24 .• 00 6. 90 5. 74 151 *10. 0 
40 29.. 60 5.60 4.66 123 *10.3 
50 36. 40 6.80 5.66 149 *10.5 
60 43 . 00 6. 60 5. 49 144 *10. 5 
70 49.3 0 6. 30 5. 24 139 
80 56 . 00 6.70 5. 58 147 
90 65. 40 8. 60 7.16 188 
100 75 . 10 9. 70 8. 08 213 
110 84 .80 9. 70 R. 08 213 
120 93.50 8. 70 7. 24 190 *12 . 1 
130 102 .• 40 8. . 90 7 . 41 195 *12 . 4 
140 111 . 50 9. 10 7. 58 199 
150 119. 90 8. 40 6 . 99 184 
160 128 . 70 8.80 7 . 33 193 
170 13 7. 50 8. 80 7 . 33 193 
180 146.3 0 8. 80 7 . 33 193 *12 . 9 
* Maxim1llll readi ngs (at no resistance ). 
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TABLE XLVI 
Difference Effect on Zr in 0 .3 N HF at 25°C 
----------
Surface area of sample was increased from 1 cm2 to 3.8 cm2 for this run. 
Average corrected pressure: 708.2 mm Hq 
Average room temperature: 27.ooc 
Time Volume H2 D.V Corrected Rate I (Minutes) (cm3) (cm3) D.V (mm3/cm2 min) (ma/cm2) 
0 4.00 
5 13.20 9.20 7.80 410 
10 22.60 9.40 7.97 419 
15 31.00 8.40 7.12 375 *16.. 8 
20 39.20 8.20 6 .• 95 366 *17.3 
25 48.20 9. 00 7.63 401 
30 57.10 8. 90 7. 54 397 
35 65.90 8. 80 7.46 392 5 .3 
40 74.40 8. 50 7.20 379 5.3 
45 83.10 8.70 7.36 388 
50 91.50 8.40 7.12 375 
55 99.90 8.40 7.12 375 
60 108.20 8.3 0 7. 03 370 
65 116.40 8.20 6.95 366 7.9 
70 124.50 8.10 6.86 361 7.9 
75 132.70 8.80 7.46 392 
80 141. 00 8. 30 7. 0 3 370 
85 14 9.20 8.20 6. 95 366 
90 156.90 7.70 6 .52 343 *17.6 
95 164.40 7.50 6.36 335 *17.9 
100 172.40 8. 00 6.78 357 
105 180 .60 8.20 6. 95 366 
* Maximum readings (at no resistance). 
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TABLE XLVII 
Difference Eff ect on Zr in 0.5 N HF at 25°C 
----------
Aver age corrected pressure : 700 . 4 rnm Hq 
Average room temperatur e : 3o. o •c 
Time Volume H2 !:.V Corrected Rate I (Minutes) (cm3 ) (cm3) !:.V (rnm3 / cm2 min) (ma / cm2) 
0 4.30 
5 10.40 6.10 5 . 06 1012 
10 16.30 5.90 4 . 89 978 
15 21.80 5.50 4 . 56 912 
20 27.60 5.8 0 4.81 962 *24 . 0 
25 33 .• 60 6. 00 4 . 98 996 *24 .• 0 
30 40. 00 6.40 5. 31 1062 *24 . 0 
35 47.20 7. 20 5 . 97 1194 
40 53 . 80 6. 60 5.47 1094 
45 60.30 6. 50 5.39 1078 
50 66.80 6.50 5.3 9 1078 
55 73 . 20 6 . 60 5 . 47 1094 10. 0 
60 79.80 6.60 5 . 47 1094 10 . 0 
65 86.40 6 . 60 5.47 1094 
70 92.90 6. 50 5.39 1078 
75 99.50 6.60 5 .47 1094 *24 . 0 
* Maximum readings (at no resistanc e ). 
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TABLE XLVIII 
Difference Effect on Zr in 0 .6 N HF at 25°C 
----------
Average corrected pressure: 711.9 rmn Hq 
Average room temperature: 24.5°C 
Time Volume H2 8.V Corrected Rate I (Minutes) ( crn3) (cm3) 6V (mm3 fcm2 min) {rna I cm2) 
0 19.30 
5 26.30 7.00 6. 02 1204 
10 33.20 6.90 5. 93 1186 
15 39.60 6.40 5 . 50 1100 *25. 0 
20 45 .80 6. 20 5.33 1066 *25 . 0 
25 52.00 6. 20 5 .33 1066 
30 58 . 00 6. 00 5 .16 1032 
35 62 .80 4.80 4 . 13 826 10. 0 
40 68.70 5.90 5 . 07 1014 10 . 0 
45 74 . 90 6 . 20 5 . 33 1066 10. 0 
50 81.80 6.90 5 . 93 1186 
55 88.40 6.6 0 5.67 1134 
60 95 .50 7.10 6 .10 122 0 15. 0 
65 101 .20 5.70 4.90 980 15 . 0 
70 106 .80 5 . 60 4 .81 962 15 .o 
75 112.60 5. 80 4 . 98 996 
80 117.60 5. 00 4.30 860 
85 122. 90 5 .30 4.55 910 
90 127. 90 5. 00 4 .30 860 *26. 0 
95 132 . 60 4 . 70 4 . 04 808 *26. 0 
100 138 . 10 5.50 4 . 73 846 
* Maximum r eadings (at no resist anc e ). 
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TABLE IL 
Difference Effect on Zr in 0.75 N HF at 25°C 
----------
Average correct ed pressure: 708.9 rnm Hq 
Average r oom temperature: 29.7°C 
Time Volmne H2 !::.V Corrected Rate I (Hinutes) (cm3) (cm3) !::.V (mm3 /cm2 min) (ma/cm2) 
0 25. 00 
5 36.20 11.20 9.42 1884 
10 47.90 11.70 9.84 1968 
15 59 .40 11. 50 9 .67 1934 *33. 0 
20 71.20 11.80 9. 92 1984 *33. 0 
25 82.90 11.70 9.83 1966 *33. 0 
30 95. 40 12 . 50 10 . 51 2102 
35 108. 30 12 . 90 10.84 2168 
40 120.70 12.40 10 .43 2086 
45 132.80 12.10 10.17 2034 20. 0 
50 145.10 12 .30 10 . 34 2068 20 . 0 
55 157.70 12.60 10 . 59 2118 
60 170.20 12. 50 10 . 51 2102 
65 182.40 12.20 10 .26 2052 * 33. 0 
70 194.70 13.30 10 .34 2068 *3 3. 0 
75 207.80 13.10 11. 01 2202 *3 3. 0 
80 220.20 12.40 10.43 2086 *33. 0 
85 233. 00 12 .80 10. 76 21 52 
90 245 . 60 12 .60 10 . 59 2118 
* Maximum r eadings (at no r esistanc e). 
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TABLE L 
Difference Effect on Zr in 0 . 9 N HF at· 25 °C 
----------
Aver age corrected pressure : 708.4 nun Hq 
Average room temperatur e : 26 . 5°C 
Time Volume H2 D.V Corrected Rate I 
(Minutes) (cm3) (cm3) D.V (mm3 / cm2 min) (ma / crn2) 
0 5.6 
5 19 . 2 13.6 11.56 2312 
10 33.2 14 . 0 11.90 2380 
15 46- . 6 13.4 11.39 2278 *46 
20 60.0 13.4 11 . 39 2278 *46 
25 74.4 14 . 4 12 . 24 2448 
30 90 .2 15.8 13 . 43 2686 
35 105 .4 15.2 12.92 2584 
40 118. 0 12.6 10. 71 2142 20.0 
45 131.8 13.8 11.73 2346 20 .. 0 
50 143 . 1 11.3 9. 60 1920 20 . 0 
55 156 . 8 13.7 11 . 64 2328 
60 170.1 13 . 3 11 . 30 2260 
65 183 . 5 12 . 6 10.71 2142 *43 
70 196.0 12.5 10. 62 2124 *43 
75 208 . 7 12.7 10.79 2158 
80 221. 0 12 . 3 10 . 42 2084 
85 234.5 13.5 11.47 2294 
* Maximum r eading (at no resi stance) . 
-133-
VII. BIBLIOGRAPHY 
1. Baumrucker, J. E.: Dissolution of Zirconium in Hydrofluoric Acid, 
ANL- 5020 (March 31, 1950). 
2. Beizer, D.: Chern. Anal. l£, 175 - 178 (1954). 
3. Daniels, F. et al: "Experimental Physical Chemistry", p. 189. 
McGraw- Hill Book Co., Inc., New York, N. Y., 1949. 4 ed. 
4. Ibid, p. 198. 
5 . Golden, L. B.: The Corrosion Resistanc e of Zirconium and Its 
Alloys, Symp. Amer. Soc. Metals., (1953). 
6 . Hodgman, C. 0.: "Handbook of Chemistry and Physics", pp. 1934 -
1935, Chemical Rubber Publishing Company, Cleveland, Ohio, 
194 9 . 31 ed. 
7. Ibid, p. 463. 
8. Lay 0 . K., W. ]. James, and M. E. straumanis: Corrosion of 
Nuclear Metal s, Unpublished Progress Report, AEC AT (11-1) -
73, Project 5 (1957). 
9. Lustrnan, B. and F. Kerze Jr.: ''Metallurgy of Zirconimn", p. 4. 
McGraw - Hill Book Co., Inc., New York, N. Y., 1955. 
10. Miller , G. 1.: "Zirconium", p . 203. Academic Press, New York, 
N. Y. , 19 54 . 
11. Moon, K. A.: ]. Phys . Chern.,~, 71- 6 (1955) . 
12. NeDnan , A. S.: An Investigation of the Dissolution of Hafnium-
Free Zirconium in Hydrofluoric Acid and the Effects of 
Fluoride Additions , p. 14, Uhpubli shed M. Sc. Thesis, 
Library, Mi ssouri School of Mines and Metallurgy , Rolla, 
Mi s sour i • , ( 1 9 57 ) . 
-134-
13 . Pauling, Linus: "The Nature of the Chemical Bond". p. 64. 
Cornell University Press, Ithaca, N. Y., l94a. 2 ed. 
14. Smith, T., and G. R. Hill: Corrosion of Zirconium, II, A 
Reaction Study of Hafnium-Free Zi rconium in Hydrofluor ic 
Acid Solut ions, AECU - 3002, (Nov. 30, 1954). 
15. Straumanis, M. E.: z. Physik. Chern., Al48, 349 (1930) . 
16. Straumanis, M. E. and P. C. Chen : The Difference Effect on 
Aluminum Dissolving in Hydrofluoric and Hydrochloric Acids, 
J. Electrochem . Soc .,~, 351 (1951). 
17. Thiel , A. and J . z. Eckell : J. Electrochem. Soc . ~, 370 (1 927) . 
18. Vander Wall, E. M. and E. M. Whitner: Personal Communication , 
May 21, 1958 . I daho Chemical Processing Plant , Phillips 
Petroleum Co. , AEC Div ., I daho Falls, Idaho. 
19. Wang, Yen- Ngen : The Rate of Dissolution of Aluminum in Hydro-
fluoric Acid, p. 105, Uhpublished Ph . D. Thesis , Libra ry, 
Mi ssouri School of Mines and Metallurgy, Rolla , Mo ., (1954). 
20. J ames , W. J .: Personal Communication , June 4, 1958 . Rolla , Mo . 
-135-
VIII. ACKNOWLEDGEMENTS 
The present research was performed under the direction of 
W. J. James, Associate Professo~ Chemistry. The author wishes 
to express his sincere gratitude and appreciation to Dr. James for 
his constant guidance and invaluable assistance throughout the 
course of this investigation. 
The writer also wishes to thank Dr. M. E. Straumanis of the 
Department of Metallurgy for his help and inspiration during this 
research. 
The writer is grateful for the financial assistance received 
from the Board of Curators of the University of Missouri and the 
United States Atomic Energy Commission, (contract AT (11-l) - 73 
Project 5) , without which, this study would not have been possible . 
-136-
IX. VITA 
The author was born November 28, 1930 in Independence, Missouri. 
He received his B. S. in Chemical Engineering, in January of 
1957, from the Missouri School of Mines and Metallurgy. upon comple-
ting his undergraduate work, the author accepted the position of 
Instructor of Chemical Engineering at this university and enroll ed in 
the graduate school to pursue studies leading· to his M. S. in Chenis-
try. He held the position of Research Instructor of Chemical 
Engineering during the summers of 1957 - 1958. 
-137-
The author has been associated with the General Motors Corpora-
tion since January, 1950. He has worked at both the Buick-Oldsmobile-
Pontiac Division, Kansas City, Kansas, and the Harrison Radiator 
Division, Lockport, New York. The author worked as a full-time 
employee from 1950 until September 1953, at which time he obtained 
an educational leave of absence. He then continued to work as a 
part-time employee in the summers of 1954 - 1955 while completing 
his studies for the B. S. Degree. He is presently on educational 
leave from the Harrison Radiator Division of General Motors where 
he holds the position of Research Chemist. 
